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AN ABSOLUTE DETERMINATION OF THE AMPERE, 
USING IMPROVED COILS 


By Harvey L. Curtis, Roger W. Curtis, and Charles L. Critchfield 


ABSTRACT 


The absolute value of a current has been measured by the current balance, using 
roved coils. The previous work had shown that improvements in the coils 
on an e required in order to make them fulfill more nearly the conditions assumed 
eloping the equations for computing the absolute value of a current from the 
e met asured by the current balance. These new coils consisted of one moving 
made in the form of a short solenoid and one moving coil and one pair of fixed 

s wound from anodized aluminum ribbon in the form of a flat spiral. 
The results obtained with various combinations of these new coils and one 
of the old fixed coils are consistent among themselves, and their weighted 

average can be expressed as 


1 NBS international ampere=—0.999 86 absolute ampere. 


This result differs appreciably from that obtained in the preceding work, but 
is felt that this new value is more reliable because of the improved coils which 
' were used and the greater consistency of the results. 
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I. INTRODUCTION 


An investigation to determine the absolute value of the interna. 
tional ampere has been in progress at the National Bureau of Standards 
for more than a decade. This paper reports the progress that has 
been made, since the previous publication,’ by the use of improved 
coils in the Rayleigh current balance. A description is given of the 
improvements in apparatus and methods that have been made, and 
the results obtained by using these developments are recorded. Ap 
effort has been made to have this paper so complete that the reader 
can understand the purpose of all the changes in apparatus and 
methods that have been used in the recent measurements. However, 
he will need to consult the previous paper for a description of maay of 
the details of the apparatus which have not been changed. 

The method consisted in determining the ratio of the value ofa 
current in absolute amperes to that of the same current in NBS inter. 
national amperes. The value in NBS international amperes was de- 
termined by comparing the electromotive force of a standard cell 
with a drop in potential produced by the current in a known resistance. 
The value in absolute amperes was determined in the current balance 
from the electromagnetic force between parts of a circuit which 
carried the current. The electromagnetic force was exerted between 
the current in a moving coil and that in a pair of fixed coils. The 
coils were coaxial and their planes horizontal, and the moving coil was 
midway between the two fixed coils. The moving coil was hung from 
the arm of a balance and the electromagnetic force compared directly 
with the gravitational force on a known mass. The vertical distance 
between the moving coil and each fixed coil was adjusted until the 
electromagnetic force for a constant current was a maximum. In this 
position, the current in absolute amperes can be computed from the 
measured force, the number of turns in each coil, and the ratios of the 
radius of the moving coil to that of each fixed coil. The formula for 
this computation includes some correction terms which depend on the 
ratios of the dimensions of the cross section of each coil to its radius. 

1 Curtis and Curtis, An absolute determination of the ampere, BS J. Research 12, 665 (1934) RP485. Throus 
out the present paper statements regarding ‘‘the previous paper,”’ ‘‘the previous publication,” etc, reiste 


to this reference. This previous work was based on the work of Rosa, Dorsey, and Miller, Bul. BS 8, 289 
(1911) $171, which will be referred to as the older or earlier work. 
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In the previous publication the statement is made that “the most 
obvious improvement in the current balance is the construction of new 
coils, the cross sections of which can be more accurately measured and 
‘he windings of which conform more nearly to the conditions assumed 
in deriving the equation for the force.” ‘The present paper describes 
cuch coils as were then projected. Two new moving coils were first 
made and were used in the current balance with the two pairs of fixed 
coils previously described.2 Two new fixed coils were then made for 
use with each of the new moving coils. In the present paper all of 
these new moving and fixed coils are described, the modifications 
required by their use are discussed, and the results obtained with 


them are given. 
II. MODIFICATIONS OF THE CURRENT BALANCE 


The principal modification of the current balance ® consisted in the 
yse of new coils of improved construction. Also, arrangements were 
made to keep the humidity continuously below 40 percent in summer, 
both in the weighing room and in the observation room. 


1. THE WEIGHTS FOR THE BALANCE 


New calibrated weights and new counterweights were used. A 
separate cylindrical weight of platinum-iridium was made and cali- 
rated for measuring each of the different electromagnetic forces, so 
hat for each combination of coils as many weights were required as 
he number of different currents used with that combination of coils. 
Also, new counterweights were prepared for each of the new moving 
coils. Each of these counterweights had the same density as the coil 
with which it was used, so that the buoyancy of the air was the same 
for the counterweights as for the moving coil. Hence, changes in 
barometric pressure did not change the rest point of the balance. 


t 
t 


2. THE IMPROVED COILS 


One of the improved moving coils was wound with round copper 
ire in the form of a single-layer solenoid. The other moving coil 
and both of the improved fixed coils were wound with aluminum rib- 
bon in the form of a flat, compact spiral. The dimensions of each 
of these coils could be measured with sufficient accuracy so that 
errors from this source would in no case introduce into the absolute 
value of the current an uncertainty of more than a few parts in a 
million. Allof the materials used in these coils were tested magnet- 
ically to insure that no error was introduced by their magnetic sus- 
ceptibility. As the construction of these coils involved several new 
features, a careful description of the methods used will be given. 


(a) SOLENOIDAL MOVING COIL 


The solenoidal moving coil (designated P1) was constructed by 
winding copper wire in a helical groove ground in the outer surface of 
The results obtained with these coils are given in a report to the International Committee on Weights 
and Measures. _ See Rapport supplémentaire sur la détermination absolue de l’'ampére par MM. Harvey L. 
Curti Roger W. Curtis. et Charles L. Critchfield. Procés-Verbaux des Séances du Comité International des 
Olds et Mesures [2] 18, 149 (1937). The values there reported are, for the same coils, slightly different in 
= € cases from those which are given in this report. The differences are largely the result of an improved 

‘rmination of the temperature coefficient of expansion of one of the coils. 
In the previous publication are shown a draw ng (fig. 1) and a photograph (fig. 2) of the current balance. 
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a short glass cylinder. This coil, mounted in the current balance 
with fixed coils L3 and L4, is shown in figure 1. The thread was 
ground and lapped in the form by the method developed by Moon‘ 
The pitch of the thread was 0.65 mm. The profile of the finish: 
thread is shown in figure 2 as a sinusoidal line between the white q, F 
black areas. Disks of various diameters were placed on this profile 
as shown in the figure, to determine the size of wire which should bs 
used in winding the solenoid. The wire chosen, corresponding to thy 
disk at the left, had a diameter of 0.51 mm, which was large enoush 
to insure that the wire rested on the sides of the groove and could os 
touch the bottom, yet was small enough so that adjacent turns eo,\j 
not touch one another. Commercial wire having a diameter of 0.57 mm 
was drawn through two dies to reduce it to 0.51 mm. For tho 
second drawing, the wire passed from the die directly to the elas 
form, with the result that the tension on the wire when wound o 
the coil was equal to the force (about 3 kg) required to draw the wir 
through the die. The constants of the coil are given in table1,. _ 

In order to test the uniformity of the windings and to provide 
polished spots for use in measuring the pitch, a fine, flat oilstone was 
rubbed axially against the outer surface of the completed winding y 
eight equally spaced azimuths. This produced eight small elliptics| 
spots on each turn of the wire. The uniformity of the spots showed 
that the variation in the outside diameter from one wire to the next 
did not exceed a few tenths of a mircon (yz). 

On each spot were ruled ° two lines parallel to the axis of the wire, 
These lines were used in measuring the axial length from which the 
pitch of the winding was obtained. 


TABLE 1.—Constanis of the solenoidal moving coil, P1, at 22° C 





Quantity | Measured value Quantity Measured value 





Average outside diameter 24.5121 cm. Conicality—difference bet ween di- 
Diameter of wire 0.0512 em. ameters at bottom and top.. 0.0001 cm 
Mean diameter 24.4609 cm. Ellipticity—difference between 
Number of turns..._......-.----- 41. maximum and minimum di- 
Axial width of winding 2.6650 em. aos taal 0.0016 cm. 
Thickness of form l.lem. Temperature coefficient of expan- 
Length of form 3.6 em. sion of outside diameter of com- 
Weight of completed coil 700 g. pleted coil : 4.1X1070/°C, 
Resistance of winding 2.75 ohms. 

















The ends of the winding were held by hooks which extended through 
radial holes near the ends of the form and which were drawn against 
the wire by nuts on their shanks. The mechanical fastening at each 
end was several centimeters beyond the places at which the electrical 
leads were attached. 

The electrical leads were attached to the last turn at each end. 
This method of attachment is shown in figure 3 and is described 1 
the legend of this figure. The leads which connected the winding 
of the coil to the twisted leads were called the permanent leads of the 
coil. The permanent leads were at right angles to the windings of 
the coil itself, so that no vertical force was exerted on these leads by 
the windings of the fixed coils. The exceedingly small force betweel 

«See Curtis, Moon, and Sparks, A determination of the absolute ohm, using an improved self indwit, 


J. Research NBS 21, 375 (1938) RP1137. The method is described on p. 378. 
§ The method of ruling these lines is described on p. 381 of the reference given in footnote 4. 
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Solenoidal moving coil, P1, mounted in the current balance between the 
fixed coils, 1.3 and LA, 








ling It é Profile of the form of the solenoidal coils with disks placed in the threads 

5 ‘ : : J i 

the to represent the cross sections of wires. 

’ f | lisk at the left represents the size of wire actually used; the disk at the right represents a wire that 
rhe criterion for size was that the wire should make contact with the sides of the groove 

by ind should not touch the bottom, and that there be a space of more than 0.1 mm between adjacent turns 
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FicgurE 3.—The terminal of the solenoidal moving coil. 


The brass contact pieces, A, were threaded with the same pitch as the glassform. Each touched 
outside wire of the winding and was pressed against the wire by the screw through the hard-rubber 
ing in the brass clamp that surrounded the glass form. The permanent leads were soldered to the | 
blocks and extended through the middle of the clamp. When making the lead correction, thelead 1 
the coil was unsoldered from its permanent lead at the point B and the outer end connected t 
lead by a drop of solder. Magnification X1.5. 
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Schematic drawing of the MOVLNG coil oO} aluminum ribbon, Al. 


pe } 


pended from one pan of the balance by therods, XY. Thecross section isshown at theri 
nding, W, consisting of two separate ribbons, presses against the flange, /’, and is protected 
( The internal flange is shown at F’. The attachment of the aluminum ribbon at the 
one winding to the wire of the permanent leads is shown at P? and at the end of the other 
’. Of the two pairs of twisted leads at the center of the coil, one pair, the current lead S 
ting the current to the coil; the other pair, the potential leads, was used in measuring the 
he coil. The commutator, Y, was used when measuring the insulation resistance betwee 
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FiGgurRE 5 Photograph taken at the completion of the winding of the moi 
aluminum ribbon, coil -y 
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The moving coil o} aluminum ribbon, Al, mounted in the currel 
between the fixed coils, B1 and B2, also of aluminum ribbon. 
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the permanent leads of the fixed coils and the moving coils was 
minimized by placing them with their azimuths approximately 90° 
‘om each other. In order to obtain the correction for all the leads, 
except those that are permanent, auxiliary measurements were made 
in which one of the wires in the twisted pair was unsoldered from its 
yermanent lead and connected by a drop of solder to the other wire 
of the twisted pair, thus making a minimum change ia the position 
of the leads. 
(b) MOVING COIL OF ALUMINUM RIBBON 


The moving coil of aluminum ribbon, designated as Al, was made 
by winding two anodized aluminum ribbons in a compact spiral on 
an aluminum form. A diagram showing the cross section of the form 
and winding and also the method of attaching the terminals is given 
infigure 4. The important constants of the coil are given in table 2. 
The form was made from a thick sheet of aluminum alloy and was 
anodized before the ribbon was wound on it. The anodizing produced 
slayer of aluminum oxide which served to insulate the turns from 
each other and from the form. A layer of condenser paper was placed 
on the face of the form before the winding was started to improve the 
insulation. 

The form was designed to be light and was made rigid with respect 
to the radial compressive forces produced by the winding by means 

of an internal and an external flange (see fig. 4). The external flange 
; also served as a guide in winding the ribbon. 


TaBLE 2.—Constants of the moving coil of aluminum ribbon, Al, at 22° C 





Quantity Measured value Quantity Measured value 








Average outside diameter - _... 25. 8043 cm. Insulation resistance between 
Width of ribbon over oxide layer 0. 6372 cm. frame and winding A____........| Oohm. 
Thickness of ribbon over oxide Ellipticity—difference between 

layer . . 0072 cm. maximum and minimum out- 
Thickness of oxide film. _ . 0004 cm. side diameters_.._-...--- : 0. 0039 cm. 
Number of turns of each ribbon - - 45. Compression of form during 
Radial depth.........._. 0. 6521 cm. winding - a . 0005 cm. 
Mean diameter_......-- 25, 1522 cin. Temperature coefficient of expan- 
Weight of completed coil_.........] 473 ¢. sion of the outside diameter of 


2.91 ohms. the completed coill_._-- .-- 2110-4/° C, 


Resistance of each winding{ ~~ i 2. 83 ohms 

Insulation resistance between 

windings at 40 percent humidity.| 18 megohms. 
i 

















Each ribbon was anodized by slowly passing it through a solution 
of chromic acid (3 to 10 percent maintained at 40° C) while it was 
connected to the positive terminal of a source of electric power which 
maintained a constant potential difference of 40 volts between the 
ribbon and the long iron tank containing the acid. An arrangement 
of reduction gearing and pulleys was devised so that the ribbon was 
| pulled through the anodizing bath, washed, dried, and spooled in one 

continuous process. Kach part of the strip was in the anodizing 
bath about an hour. About 24 hours was required to anodize one 
ribbon. 

The two ribbons were simultaneously wound on the form, one 
nbbon starting from one end of a diameter, the other ribbon from the 
opposite end of the same diameter. A photograph taken at the com- 
pletion of the winding of this coil is reproduced in figure 5. An im- 
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portant feature of the set-up was the two chamois-skin wipers yj, 
cleaned the ribbon just before it reached the coil. Other featy>.. 
are described in the legend to the figure. "7 
In order to make a secure mechanical fastening and to attach «| 
electrical terminals, the ends of each ribbon were extended g chm 
distance in a radial direction. At the inside end each ribbon pas 
through a slot in the form. Each slot was lined with sheets of })», 
rubber to insure good insulation between the ribbon and form at +). 
point. At the outside end each ribbon was held by a clamp attgely, 
to the external flange of the form. The electrical terminals were ¢\y. 
to the mechanical fastenings. The arrangement of fastening 
terminals is shown in figure 4. 
Electrical contact with the ribbon was made by clamping it betwee, 
two sheets of platinum. The aluminum oxide, which is very hay 
was removed by a “diamond file’? which was made by charginy , 
strip of copper with diamond dust. To insure good contact, filings o; 
a hard platinum-iridium alloy were sprinkled between the aluminuy 
ribbon and the platinum sheets. The contact resistance between th» 
ribbon and the platinum was less than 0.004 ohm, when the coil was 
constructed. A wire was soldered to the platinum sheets at each enj 
of each winding. These wires were held in a definite position by g 
hard-rubber frame attached to the coil form. The free ends of the 
two wires attached to the winding were brought close together a 
a point near the inside edge of the form. At this point the twisted 
leads were attached. The portion of the leads between these twisted 
leads and the winding proper was called the permanent leads of the 
winding. When this coil was mounted in the balance, the twisted 
leads attached to each winding were brought to a terminal block at 
the center of the coil where the windings were connected, either in 
series or in parallel, to the twisted pair leading to the pan of the 
balance. This arrangement of leads can be seen in figure 6, which is 
a photograph of coil Al mounted in the current balance between the 
new fixed coils, B1 and B2. An equivalent arrangement was used in 
measuring the ratio of the radii. When making the auxiliary meas- 
urements for determining the lead correction, one wire of a twisted 
pair was unsoldered from its permanent lead and then soldered to 
the other wire of the twisted pair with as little change in position as 


possible. 
(c) FIXED COILS OF ALUMINUM RIBBON 


The fixed coils of aluminum ribbon, designated as B1 and B2, were 
similar to the moving coil of that material. They were made oi 
wider and thicker ribbon and the number of turns was larger. Also, 
they were arranged for water cooling. Figure 6 shows these coils 
the current balance. A diagram showing the cross section of the 
form and winding and indicating the method of attaching termina: 
is given in figure 7. The important constants of the coils are given 
in table 3. 

Each form consisted of a base ring, two flanges, and covers for the 
coil and water channel. These parts were made from a thick sheet 0! 
aluminum alloy. On the inside surface of the base ring a channel was 
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7 Schematic drawing of a fixed coil of aluminum ribbon. 
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Figure &.—Photomicrographs of the aluminum-oxide coating on the alun 
gray : { 


ribbon after it was anodized. 


The ribbons were imbedded in a matrix so that a cross section could be cut and polished i 
coil Al, was imbedded in metal matrix; sample B, from coil B1, was imbedded in a Bakelite 1 


samples were subjected to heavy pressure in applying the matrix which probably account 
in the oxide coating. Magnification 500 
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Constants of the fixed coils of aluminum ribbon, B1 and B2, at 22°C 








Quantity 


Measured values 





Bl 





imeter of form... 
on over oxide layer_- 
f rit bon over oxide layer. 
ess of oxide film. 
turns of each ribbon___- 


of each winding ‘ats .--{R 

tance between windings at 40 percent humidity-~--_- 
ance between frame and windings___- 

of form—difference between maximum and minimum 


42.7050 cm 

2. 5410 cm 

0.0104 em 

. 0006 em 

125 
2. 624 cm 
45. 32 29 cm 

2.176 ohms 

2. 146 ohms 

0.1 megohm 

2500 megohms 


0. 0052 em 


B2 


42. 7064 cm 
2. 5409 em 
0. 0104 em 

. 0006 cm 

125 
2.637 em 

45. 344 em 
2. 150 ohms 
2. 182 ohms 

* (0.1 megohm 

5000 megohms 


0. 0032 em 


efficient of exp: ansion of the outside diameter of the 


ital. 21. 1X10-4/°C 20. 7X10-8/°C 








+ A short-circuit between windings occurred just as measurements were completed. 


(See footnote 8.) 


out, except for 10° at each end of a diameter. The portions in which 
a ans was not cut were utilized for bringing out the inside leads 
of the two ribbons. The two portions of the channel were fitted with 
watertight covers, and each had a water connection at each end. 
The outside cover of the coil was merely to protect it against accident. 
The forms were anodized before the coils were wound, and the oxide 
coating gave sufficient insulation, so that no paper was used, as was 
the case with the moving coil. 

The ribbons were anodized by the same process that was used for 
anodizing the ribbons for the moving coil. The same tank was used, 
but the ribbon was so long that about 6 days of continuous operation 
were needed for anodizing a single ribbon. This required a few modi- 
fications in the procedure. It was necessary to add chromic acid from 
time to time to maintain its concentration. A spray of tap water 
was used to wash the ribbon after it left the anodizing bath and before 
it was washed with distilled water. 

In order to determine the thickness of the oxide coating, samples of 
ribbon were mounted in a matrix, and a cross section was cut and 
polished. Photomicrographs were made showing the thickness of the 
oxide layer, which could be readily measured. Two of these photo- 
micrographs are reproduced in figure 8, one from the moving coil, 
Al, and one from fixed coil, B1. They show that the coating is quite 
uniform, even at the corners. 

The first coils that were wound were not satisfactory. The ribbon 
was longer at the edges than in the center, apparently as a result of 
_ g cut by dull shears. As a result, there was a slight ruffling at 

ach edge, which was barely noticeable when a short length of the 

rib on was held straight. When wound in a coil, the ribbon did not 
le flat but was s curved with its concave side away from the center of 
the coil. When about 250 turns had been wound, this concavity 
amounted to more than 1 mm. This winding was removed and the 
forms were rewound with new ribbon. The thickness of the new 
ribbon was twice that of the first ribbon (0.1 mm vs. 0.05 mm), and 
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the new ribbon was hard-rolled aluminum, whereas the first was sof; 
or annealed aluminum. The new ribbon, which was cut in a different 
factory, did not show any ruffles, but the edges had been slichtly 
turned by the shearing. The ribbon, before anodizing, WAS passed 
between rollers which flattened the edges, but did not otherwise 
change its form. The second winding produced coils which wer 
satisfactory. 

The terminals were attached to these coils in nearly the same map. 
ner as those of the moving coil of aluminum ribbon. A slight modif. 
cation was made in the method of attaching the potential leads whic} 
were used in measuring the resistance of the coil. In the moving eail 
of aluminum ribbon, the potential leads were attached to the current 
leads at the point where the two windings were connected in parallel 
so that the measured resistance included the contact resistances ho. 
tween the platinum sheets and the aluminum ribbon. In the fixed 
coils, separate platinum sheets were provided for the potential ter. 
minals. There was no difference in accuracy between the two methods. 


III. MEASUREMENT OF THE DIMENSIONS OF THE COILS 


The new coils were so constructed that their mechanical dimensions 
could be measured with greater accuracy than could those of the older 
coils. The dimensions were required in order to compute the cor- 
rections for the cross sections of the coils. 


1. DIAMETERS OF THE COILS 


The diameters of the coils were measured by a motor-operated 
micrometer ® mounted in a frame, or ring, of invar. The micrometer 
head was graduated to read directly in microns. The divisions were 
about a millimeter apart, so that readings could be made with an 
accuracy of 0.1 or 0.24. The micrometer would, under favorable 
conditions, repeat readings as accurately as it could be read. 

The micrometer was used merely to obtain the difference between 
the diameter of a coil and the length of an end standard. The end 
standard never differed in length by more than a few tenths of a milli- 
meter from the diameter to be measured. For this difference in 
length, the calibration error of the micrometer did not introduce an 
error as great as 0.ly. The end standard. either consisted of a num- 
ber of calibrated gage blocks which had been wrung together or was a 
rod with spherical ends which had been compared by the micrometer 
with such gage blocks. The largest source of error was the uncer- 
tainty in the uniformity of the temperature throughout the measuring 
chamber. 

The outside diameter of the solenoidal moving coil, P1, was meas- 
ured in 10 axial planes and at 3 altitudes in each plane. 

The diameter of the form of the moving coil of aluminum ribbon 
was measured before winding, and the diameter over the outside turn 
of ribbon was measured after winding. The method was the same as 
for the solenoidal coil, except that only one altitude was used in de- 
termining the mean diameter. These measurements were used in 
determining the radial depth of the coil and will be discussed under 
that heading. A ledge a the winding space was measured before 


* Moon, BS J. of Research 10, 249 (1933) RP528. 
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and after winding, in order to obtain an estimate of the compression 
caused by the winding. 


2. AXIAL WIDTHS OF THE WINDINGS 


The axial width of the solenoidal coil was equal to the pitch times 
the number of turns. The pitch was determined by measuring, with 
a traveling microscope, the distance between the centers of wires on 
the two outside turns and dividing this distance by one less than the 
total number of turns. In order to be able to set the microscope on 
the center of the wire, lines were ruled on the elliptical spots that had 
heen polished on the wires for determining the uniformity of diameter 
of the coil. ‘Two lines were ruled ? on each spot, using opposite sides 
of the wire as a guide for the ruling device. The intersection of the 
cross hairs in the traveling microscope was set midway between the 
two lines on one outside wire and the reading of the micrometer re- 
corded. The microscope was then moved by the micrometer screw 
yntil it was set on the corresponding position on the other outside 
wire. The difference between readings, when corrected for the cali- 
bration errors of the micrometer screw, gave the distance between the 
outside turns. The calibration was made by making readings with 
the traveling microscope on two graduations of a standard scale. 
Also, readings were made on the middle wire to determine the uni- 
formity of pitch. The values obtained are given in table 4. 


TaBLE 4.—Azial width of solenoidal coil in four azimuths at 24° C 





Difference in micrometer readings 





Azimuth Lines 1 to 
Wires 


1 to 41 


Wires 


i 27 on 
21 to 41 
| 


{ 
| 
|| standard | 
| seale 





12. 998 13. 001 

90 13. 000 13. 000 
180 13. 002 12. 999 
270 13. 001 12. 999 


26.000 || 26.001 
7 C1 | nee eee! 
26. 000 26. 001 





' 
| 
25. 999 26.001 | 
| 
| 





SeVELE SS Ge | ee 
| 
| 


26. 000 


| 

| | 

| | 

| Degrees mm mm | mm | mm 
0 

| | 

| | 

| 

| | 


orm | kai 
Average...-| 13.000 | 13.000 | 26.001 | 
| { 1] 


| 


Note.—The length between lines 1 and 27 of the standard scale as furnished by the Interferometry Section 
of this Bureau was 26.001 mm at 24° C. As this length agrees exactly with the reading of the micrometer 
microscope, there was no calibration correction. 

The pitch was 0.65000 mm and the axial width was 26.650 mm. 





The diameter of the wire on the solenoidal moving coil was measured 
with a special micrometer caliper which could be read to tenths of a 
micron. The variation in diameter with different azimuths was less 
than ly. The average diameter of two samples, one from the beginning 
and one from the end of the winding, was 0.5123 mm for each sample. 

The axial widths of the winding of the ribbon coils were determined 
from the width of the ribbon, since the effect of the axial displacement 
of the ribbons relative to the mean position is negligible as shown 
later. The width of the ribbon was measured by comparing it with a 
gage block by means of a hand micrometer. To prevent the ribbon 
from deforming, it was held in a clamp, the parallel faces of which had 


peed 

Pe A photomicrograph showing spots with lines ruled on them is given in figure 4, p. 380, of the paper by 

hay ere and Sparks. The method of ruling the lines is also described in that paper. (See reference 
ote 4. 
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such dimensions that the ribbon extended a few tenths of a millimote; 
on each side of them. The micrometer reading could be estimated 
to ly. A-series of values obtained from samples ‘of the ribbon used 
each of the ribbon coils is given intable5. These results indicate thy 
the average width of the ribbon on any coil i is not in error by as my ich 
as 10 yu. 

The average axial displacement of the turns from the mean position 
was estimated from measurements at a few places where the dis splace- 
ment appeared to be largest. Since the winding was guide | by a 
flange, there was no cumulative error. However, in winding, the 
operators could not keep the ribbon against the flange at every 
instant and even when this was accomplished, a turn sometimes 
slipped away from the flange as a result of the pressure of outside 


a 


turns. To measure the displaceme nt of one turn relative to an a \ja- 
cent one, a microscope with an objective having a focal lengt) of 
5 mm was placed with its axis perpendicular to the plane of the coil, 
so that the edges of the two strips were both in the field of the micro. 
scope. The microscope was focused first on one, then on the other 
of the edges, and the motion of the microscope tube was measured. 


TaBLE 5.—Width of the aluminum ribbon on the different coils 


[Measurements made on the anodized ribbon] 


Coil Al Coil B1 
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Twice thickness of oxide film lt 








Width of aluminum 
Average deviation of the mean of 
each group from the average of 
Bie Cee ROS vind iccenc nace j+ 
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Readings could be repeatedto 0.01 mm. Measurements made at four 
positions on coil B1, where the displacement seemed to be the largest, 
gave differences between adjacent turns of 0.46, 0.43, 0.30, and 0.28 
mm. It was estimated that the average value was less than 0.1 mm. 
A computation by the formula given in appendix II showed that the 
effect of such a displacement on the absolute value of the current was 
less than 1 part in a million. Hence, an extensive survey was not 
undertaken. 


3. RADIAL DEPTHS OF THE WINDINGS 


Since the solenoidal coil had only a single layer, no measurements of 
the radial depth, other than the diameter of the wire, were made. 
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The radial depth of moving coil Al was obtained from measure- 
. with a micrometer, of the diameter of the form before winding 


ments 


iu 


ond of the diameter over the winding after completion of the coil. 
Corrections were introduced for the compression of the form and fora 
javer of paper, 15 » thick, which was placed over the form before the 
winding was started. The compression was determined by_meas- 
ying the ledge outside the winding both before and after winding. 
These measurements showed that the diameter which extended from 
one terminal to the other was not compressed, while a diameter at 
right angles to this one was compressed 12 uy. The average com- 
pression was 5 yp. — : ; 

The diameter over the winding was measured with a micrometer 
having flat measuring faces that extended the full width of the ribbon. 
Since the ribbon was slightly concave outwards, the micrometer faces 
made contact with the two outside edges of the ribbon, but the meas- 

+ force of 300 g compressed these edges by a measurable amount. 

e assumption was made that the reading obtained with this pres- 
sure gave the average outside diameter, by means of which the 
average radial depth was determined. Since the maximum difference 
between the radial depth at the edge of the ribbons and that at their 
centers was only 100 yu, as determined by comparison with a template 
laving a known radius of curvature, a measurement at either place 
with zero pressure would give a result that differed from the average 
value by about 50 w. With the pressure used it seems improbable 
that there was an error of more than 20 y» in the radial depth. 
(See table 12.) 

The diameter was measured at 10 positions before winding and at 
the same 10 positions after winding. However, because of the com- 
pression and change in shape resulting from the winding, the difference 
between the readings at any one place made before and after winding 
does not give twice the radial depth at that place. The average radial 
depth was obtained from the average diameter before winding, the aver- 
age diameter after winding, the average compression of the form, and the 
thickness of the paper layer over the form. The radial depth ob- 
tained by this method was, by two independent sets of data, 


0.6520 em at 20° C 
and 0.6523 em at 30° C. 


The difference of 3 » between the values at the two temperatures is 
about twice that which would arise from the thermal expansion of the 
aluminum. The value used in the computations was 


0.6521 ecm at 22° C, 


As already explained, this may be in error by as much as 20 u because 
of an uncertainty in the amount of compression produced by the 
measuring force. The readings of the micrometer at any point could 
always be reproduced within 1 or 2 y, generally within a few tenths of 
amicron. 

_ The radial depths of fixed coils B1 and B2 were measured by a travel- 
ing microscope. In this arrangement settings were made on the first 
few turns at the inside edge of the coil, a few in the middle of the coil, 
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and a few at the outside edge. This was done for six different equall ly 
spaced radial positions. The setting of the micrometer screw moving 
the microscope could be estimated to 1 u. 


TABLE 6.—Radial depth of the fixed coils of aluminum ribbon 


(Measurements were made on the exposed edge of the winding before attaching the semicircular fanp 
lang 


picdowneenseswiesreninmees 


Azimuth Bl 





Degrees cm 
‘ 2. 6266 2. 6479 
302 450 
208 378 
246 420 
265 395 
213 385 





Average radial depth at edge 2. 6250 2. 6418 
Concavity correction...........-.. —0. 0013 —0. 0045 
Mean radial depth_ -- - ee 2. 6237 2. 6373 
Average deviation from mean...- +0. 0028 +0). 0032 


| 
| 
| 
| 
| 
| 


| 











The values of the radial depth given for the different azimuths jp 
table 6 are for an edge of the coil. Since the ribbon was, throughout 
the winding, slightly concave outwards with the largest conc avity at 
the outside turn, the mean value of the radial depth was less than ths at 
obtained by measurements on the edge of the coil. In order to obtain 
the necessary correction to the me: asured depth, a large number 0 of 
observations were made on the concavity of the outside turn. While 
in some azimuths the depth of the concavity was as much as 0.02 cm, 
yet the average depth gave a correction for concavity of only 0.0013 
em for Bl and 0.0045 em for B2. 


IV. ELECTRIC CIRCUIT OF THE CURRENT BALANCE 


The same electric circuit used in the previous work was employed 
for a part of the present work. In this circuit the fixed and moving 
coils were connected in series. A modification in which the moving 

coil was connected in parallel with the two fixed coils was, however, 
used for some of the observations. A diagram of the electric circuit 
with the coils in series is given in figure 5 of the previous publication. 
A diagram of the electric “circuit with the coils in parallel is given in 
figure 9 of this paper. All of the conditions which are necessary for 
an accurate measurement of the current, as enumerated in the previous 
paper, are as well fulfilled by the parallel connection as by the series 


connection. 
1. ADJUSTMENT OF THE CURRENT 


In the series connection of the coils, any variation in the current 
from the selected value was indicated by the deflection of a galvanomi- 
eter, and this value was maintained by the adjustment of a single 
resistor. In the parallel connection, two different currents had to be 
maintained constant. When the series connection was used, a single 
observer maintained the current and read the deflections of the bal- 
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ance. When the parallel connection was used, two observers were 
venerally employed, one to maintain the two currents and the other 
vy read the balance. In either case, the variations in the currents 
were less than 1 part in a million of their nominal values. 


2. THE STORAGE BATTERY 


The current was supplied by a lead storage battery. In order that 
the current might be maintained sufficiently constant by adjusting 
the resistance once or tw ice a minute, a battery of large capacity was 
requ red. For the series connection where the maximum current was 

| ampere, a 100- volt, 400-ampere-hour battery was satisfactory. For 














E 














Figure 9.—Electric circuit of the current balance with coils in parallel. 


tal current and the current through the moving coil were adjusted by the resistances, Rand R, 
ired values. The approximate values were determined from the readings of the ammeters 
: the precise values by determining the drop in potential over the resistances, Rw and Ry. For 
se adjustment, the deflection of the galvanometer, G,’, was made zero by adjustin g theslide wire 
consisted ofac! lamp onaheavy copper wire. Then A; was adjusted until there was no deflection 
Finally, R was adjusted until there was no deflection of the galvanometer, G, which was in the 
it with the standard cell, E. During the operation of the balance, W, was adjusted only occasion- 

lly “but Rand Rk, were adjusted almost continuously to keep the deflections of @ and G, at zero. 


the parallel connection, the maximum current used was 6 amperes, 
and a 20-volt, 2,000-ampere-hour battery was employed. 


3. REVERSAL OF THE CURRENT IN THE FIXED COILS OF 
ALUMINUM RIBBON 


The reversal of the current in the fixed coils of aluminum ribbon 
was given some study because of the large capacitance between the two 
windings. When the two windings were connected in series, there 
was a storage of electricity on the surfaces of the ribbons because of the 
potential difference between adjacent surfaces. Oscillograms showed 
that the rise in potential across the coil, when the circuit was opened, 
was less when the windings were in series than when they were in 
parallel. Also, it was shown that the rise in voltage was much greater 
when opening the circuit with 0.7 ampere in the coils than’ when 
decreasing the current from 4 to 2.5 amperes. Hence, the step-by- 

step reversing switch which was used (S in figure 9) was so designed 
that the first step made a large change in current and the last step a 
relatively small change. 


4. INSULATION RESISTANCE 


The insulation resistance between the frame and each winding of 
the fixed coils of aluminum strips B1 and B2 was more than 10° ohms. 
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As the potential difference between the windings and frame during », 
observation was never more than 10 volts, the leakage current Pi 
grounded frame was always negligible. The insulation resistanes 
between the two windings was, for each fixed coil,® about 10% ohm 
when measured after a potential of 1.5 volts had been applied ey. 
minute. When the windings were connected in parallel, the poter tial 
difference between windings was never more than 0.04 volt. 80 thet 
the leakage current between them was less than 107® ampere ae 
hence negligible. However, when the windings were connected 
in series, the potential difference between turns, though never more 
than 2.5 volts, produced a leakage current which was not quite nesk. 
gible, and a small correction was required. In this case the insulatioy 
resistance had to be measured with the same time interval after app 
ing the potential as elapsed in making the other observations, {, 
example to show that this correction can be made with precision js 
given in table 7, which lists data taken in connection with a measur. 
ment of the ratio of the radii. The uncertainty in the absolute yal) 
of a current, caused by the leakage current between the windings of 
the fixed coils when connected in series, was less than 2 parts in g 
million. 


NV- 


TaBLE 7.—Exzample to show the precision that can be attained by applying the 
correction for the insulalion resistance when the windings of a fixed coil are con. 
nected in series 


[Different elapsed times after reversal of the current were used {n Measuring the ratio of the radii, and the 
same time intervals were used between reversals of the potential when measuring the insulation resist. 
ance. Each result given, both for the ratio of the radii and for the insulation resistance, is the averax 
four observation. 





Results—mean of four 
Sets Correction | Corpnota 
computed | } 
Time between reversals from 
Apparent | Apparent | insulation | 
ratio of insulation | resistance 
radii resistance 





rat) 


radi 
Al: 





Minutes Megohms 
nee 0. 554 5311 0.10 
21 13 














Mean. ..- 





In the moving coil of aluminum strip, one winding was accidentally 
and permanently connected to the frame during manufacture. This 
grounding caused no leakage to earth, since in the balance the frame 
and pan of the balance were insulated from earth by the agate planes 


* Near the end of the observations a short-circuit developed between the two windings of coil B2. Befor 
continuing observations with this coil after the short-circuit was observed, measurements were mace | 
insure that the coil could be used with its windings in parallel in such a way that there could be no current 
through the short-circuit. By connecting a galvanometer to one winding and sending a current thr 
the other winding, it was first established that there was only a single short-circuit between the winding 
Since there was no deflection of the galvanometer, there could have been only one short-circuit. By con 
necting a battery from a terminal of one ribbon to a terminal of the other, and measuring the potent! 
difference between the two other terminals, the resistance of the short-circuit was found to be 0.00(5 obt 

To make certain that, when the two windings were used in parallel, the potential difference between 
windings at the point where they were in contact was zero, a resistance equal to that of about a halfa turn 
of ribbon was added to the inside end of one winding and the outside end of the other winding. By measur- 
ing the resistances of the different parts of the windings, the amount and location of the required resistancé 
could be accurately determined. The results obtained with this arrangement after the short-circuit 
curred differed from those obtained before the short-circuit occurred by 1 part in a million, which is witha 
experimental error. (See footnote to table 10.) 
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tthe balance, and in measuring the ratio of the radii the frame was 
ted on an insulated support. The insulation resistance between 
a rs was 18 megohms or more, depending on the humidity of 
the arene air. Since the windings were always connected in 
parallel, the potential difference between windings was only a small 
fraction 1 of a volt, and the leakage current was negligible. 
The ere was no possibility of measuring insulation resistance with the 
colenoidal moving coil, as it was a single winding on a glass form. 
Howe ver, it seems certain that leakage currents were not ‘sufficiently 
are to introduce an error of 1 part in a million in the final results. 
Gotie charges might have collected on the glass form, but the electro- 
satie forces produced by them were eliminated by the reversal of the 
stati fo in the fixed coils. 


y. COMPUTATION OF THE MAXIMUM FORCE FOR UNIT 
CURRENT 


The computation of the maximum force per unit current in the 
oils of a current balance was divided into two parts: First, the force 
for filaments at the centers of the windings, and second, the correc- 
tions for the finite cross sections of the coils. 


1. MAXIMUM FORCE BETWEEN CIRCULAR FILAMENTS 


The mi iximum force between circular filaments was computed by 
Maxwell’s elliptie-integral formula which was given in the previous 
paper. ‘The variation formulas there given were also applicable to 
the present work. However, a more accurate empirical formula has 
heen devised for determining the axial distance at which the force 
per unit current between two filaments in the form of coaxial circ ve 


isamaximum. This formula is 
Y m==0.5—0.450?— 0.063304 if 0<“a<0.65, (1) 


where 
ratio of the axial distance for maximum force to the radius of 

the larger filament, 

a=ratio of the radii of the filaments. 

This formula differs from the one given in the previous publication 
only in the coefficient of the last term, which was there given as 
0.0625. The range of the present formula is less than the one for- 
merly boa but in its range the maximum numerical difference between 
the values Of ym obtained by it and those given in Grover’s table ° is 
only 50 parts per million, which is about one-tenth of the difference 
obtained with the previous formula. As the error in the computed 
foree is a function of the square of the error in the value of ym, the 
improved formula gives a value of y, which will not introduce an 
error of as much as 1 part in a hundred million in the computed force. 


Ym 


2. MAXIMUM FORCE BETWEEN COAXIAL COILS 


The maximum force between coaxial coils differs, for two reasons, 
from that which would be obtained if the current in each coil were 
concentrated in a filament at the geometric center of its cross section. 


ble 4, page 372, of Grover’s paper on the maximum force between two coaxial circular currents. 


I. BS 12,317 ( 1915) S255. 


139015—39—— 
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In the first place, the force between coils is different from that betwoer 
filaments, because at any point the magnetic field of a coil is, jn can. 
eral, different in both magnitude and direction from that of a cents 
filament with an equivalent current. The correction term to th, 
force for this difference in magnetic fields is given in eq 4 of appendix | 

In the second place, the distance for maximum force is not the sams 
for coils as for filaments. The correction terms to the force betwee 
the coils, when both these effects are considered, are given in eq 10 of 
appendix I. This equation is an extension of eq 7 of the previoys 
paper. The additional terms were required only when moving ¢oj] Pj 
was being used. 

Before the derivation of the equations in the appendix, a method was develonoa 
for computing the current from the measured distance between the coils when +h, 
force per unit current wasa maximum. This treatment was necessary when sino 
moving coi] P1 and fixed coils S51 and S82 since in this case the axial distance {); 
maximum force was so much greater for the coils than for the filaments at they 
centers that the correction for this difference as given in the previous paper was not 
sufficiently precise. Hence, after the distance between the fixed coils had }y 
adjusted by trial until the force per unit current on the moving coil was the mayi. 
mum that could be obtained, the distance between the fixed coils was measured by 
amicrometer. The distance, z, between the plane of either and that of the moying 
coil was determined from this distance and the dimensions of the coils. Then 4 
force per unit current was computed by eq 6 of Snow’s paper.!® This equat 
applies even if z is not the distance for maximum force between filaments, Hoy. 
ever, in evaluating the A’s it is necessary to know ),, which is zero only when z 
has the value required to make the force between the filaments a maximum, 
formula for \;, which has not been previously given except as a derivative, is # 


yk? [: ., syk?/ M )] 
ee an | 
2a(1—k?) VaF\Vaiay- 


—~— 9 iy p24 3h29/ 
=] Fa(1—K) k?+ 3k24/y] 

where a=a2/a;, y= 2/a;, k?=4a,a2/[(a,;+ a2)? + y*], and M and F are, respectively 
the mutual inductance and the force per unit current between the filaments at 
the centers of the windings.!! The complete formulas for As, A3, and Ay, when \, 40, 
are given in Snow’s paper (see footnote 10). The computed value of the force 
per unit current by this method differed by less than 2 parts per million fro1 
that obtained by the complete formula, as given in appendix I. 


VI. RATIO OF THE RADII OF THE COILS 


The ratio of the radius of each moving coil to that of each fixed 
coil was determined by an electromagnetic method. A fixed anda 
moving coil were mounted with their centers coincident and their 
planes vertical and in the magnetic meridian. Currents were then 
sent through the coils in opposite directions, so that their magnetic 
fields had opposite directions at the common center. With a fixed 
current in one coil, the current in the second coil was adjusted until a 
reversal of both currents did not produce a steady deflection of a 
magnet placed at the common center of the coils. Then the magnetic 
fields at the center of the coils were equal and opposite, and the 
ratio of the radii of the coils was equal to the product of the ratio of 


10 BS J. Research 11, 681 (1933) R P615. 
The functions ¢=M/-+¥ aia; and y= F-ya/y= Fy a/2 are tabulated with k? as argument by Nagnok 
and Sakurai, table 2, Sci. Pap. of the Institute of Physical and Chemical Research, Tokyo, 1927 
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she number of turns of wire on the coils and the ratio of the currents 
in the coils. Small corrections were made for the length of the 
»aonet, the temperature and load coefficients of the coils, the leads, 
and the sectional dimensions of the coils. All of these corrections 
«ere made in the manner described in the previous paper, but the 
‘rmula for the correction for the sectional dimensions, which is in the 
‘opm of & power series, was extended to make it sufficiently accurate 
ruse with the solenoidal coil. 

Qnly one variation in procedure has been introduced since the 
method was described in the previous publication. The effect of this 
variation is discussed in the following section, but for all other details 
of procedure in measuring the ratio of the radii the reader is referred 
« the previous publication. Measurements with the two windings 
in series were made only with the fixed coils of aluminum ribbon and 
in this case required a correction because of the relatively low insula- 
on resistance between the windings. This correction has been 
discussed in section I1V-4, and an illustrative example is given in 


table 7. 


(dual 


1. TEMPERATURE AND LOAD COEFFICIENTS OF THE COILS 


The temperature and load coefficients of expansion of the coils are 
riven in table 8. The temperature coefficient of each of the fixed 
coils was determined in connection with measurements of the ratio of 
its radius to that of one of the moving coils. The data for a given 
coil were obtained by keeping the temperature of the room constant 
and changing the temperature of the water circulating through the 
fixed coil. In this way the temperature of the moving coil remained 
approximately constant, so the change in ratio resulted principally 
from the change in temperature of the fixed coil. From these data, 
the temperature coefficient of the fixed coil was computed. 


TABLE 8.— Temperature and load coefficients of expansion of the coils 


— rere — 
| Coefficients of ex- 
| pansion 


Material of form eee nieneemeeriereweees 





Kind of coil Material of winding 


| 


| 


| 


' Copper wire - - 


| Alurminum ribbon- --.--- 


ND Jacataneaccennse 


Pyrex glass- pe 
Aluminum alloy 


Temper- 
ature 


ppm/°C 
4 


21 


Load 


ppm/watt 
1.0 


l 
21.0 
1 


a arr clare ak a so mca 
Bra 
aun 





4 | 
Se 
9 











The temperature coefficient of each moving coil was determined 
directly by measuring with a micrometer a diameter at two different 
temperatures, usually 20° and 30° C. The glass coil, P1, was meas- 
ured with the micrometer as used to determine its diameter, so that 
the measuring force was 300 g. However, for the coil of aluminum 
stp, Al, the micrometer was modified by using spherical surfaces 
- its measuring faces and by reducing the measuring force to less 
than 20 g, 
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The temperature coefficients of the moving coils were also deter 
mined by the same method as used for the fixed coils. In this es., 
the temperature of the moving coil was changed by changing my 
temperature of the room, and the temperature of the fixed epi] wa 
kept approximately constant by means of the water circylatin, 
through it. The values by the two methods agreed within aret 
mental error, but those obtained by direct measurement were the 
more accurate. 7 

The load coefficients of the moving coils are not important, sj; 
in them the same load was used in the current balance as iy ths 
measurement of the ratio of radii. The load coefficients of B1 gy, 
B2, the new fixed coils of aluminum strip, were less than one-thir| of 
that of the older fixed coils. This decrease resulted from +i, 
improved thermal contact between the form and the current-carrying 
parts of the coil. ~ 

2. LENGTH OF THE MAGNET 


In all the measurements of the ratio of the radii, the over-all lensth 
of the magnet was 1.41 mm and the distance between poles was | | 
mm. ‘The corrections were computed by eq 46 of the previous paper 
The values were between 9 and 12 parts per million. 


3. EFFECT OF THE CROSS-SECTIONAL DIMENSIONS OF THE CoILs 


The cross-sectional dimensions of a coil introduce a correction tern 
in computing the ratio of its radius to that of another coil. This 
correction is required, because the magnetic field at the center of ¢| 
coil is dependent on its cross-sectional dimensions as well as on its 
mean radius. As shown in appendix I, the magnetic field at the 
center of a coil of radius a and of rectangular cross section with the 
axial dimension 26 and radial dimension 2c is, to an accuracy of | part 
in a million for all coils used in this investigation, represented by the 
equation , 


Qanl MO ME. ae 2anI 
Ha" (i—sat gat gate ot reat + = a) 


This equation differs from the similar equation given in the previous 

ublication (eq 48, page 707) by the addition of the sixth-degree term 
in the series. For the solenoidal moving coil, this new term had a 
value of 0.5 X 10~*. For all the other coils, it was entirely negligible. 


Values of A are given in table 9. 


TABLE 9.—Dimensions of coils and the corrections for cross-sectional dimensio 
in measuring the ratio of radii 
[The correction to a coil is required in order to determine its mean radius from the number of turns in it and 
from the magnetic field produced at its center by unit current in its winding | 





r Num- | 
eget ber of Axial Radial | 
wi turnsin| Radius=a | width= | depth= | s 
ind- ate 2b rt 
ings eact 2c 
winding 


Designation of coil 





cm 

41 . 2304 2. 6650 

45 y 0. 6364 
125 . 2. 5398 
125 . 67 2. 5397 
392 7 1. 580 
392 1. 579 
647 5. 1. 969 
647 5. 1. 965 
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With the new coils the correction for cross-sectional dimensions is, 
excep! for Al, larger than for the older coils. However, the cross sec- 
in is of the new coils were measured with so much ereater accuracy 
vot the error on this account was much less than for the older coils. 


4. RESULTS 


. results of the measurements on the ratio of radii are given in 

“10. The average deviation of a single observation from the 

» of its group is in every case small, the maximum for all the 

ups being 4 parts per million. The adjusted values of the ratio 
of I 5 radii, which were obtained as explained in the heading of the 

able, were used in computing the absolute value of the current. 

4ca further test of the reliability of the values of the ratio of radii, 
‘ie patio of the radu of the two moving coils has been computed, 
ying each of the fixed coils as intermediary. The results are given 
table 11. The average variation from the mean is 5 parts per 
million. However, this agreement does not of necessity indicate 
that each ratio is known with the indicated accuracy. If an error 
had been made in the measurement of the cross-sectional dimensions 
ofa moving coil, or even in the computation of the correction factor 
its dimensions, this would not affect the value of the ratio 


YW 
ul 


TaBLE 10.—Ratio of radti of the various coil combinations 


1 values of the ratio of the radii were those obtained by the electromagnetic method, when 

f te 1 to 22° C and no load. From each ps tir of values which involve the same fixed coil, a 

ied for the ratio of radii Al:Plasgivenintable ll. The adjusted values, given in the last 

tained frome ach pair of observed values that involved a single fixed coil. Thesame amount 
served value as was subtracted from the other, in order that the ratio of Al:P1 as ob- 

ea ai iste: i values would be the same as the average value of Al:P1 as obtained from the 

valu ng all the fixed coils. In the case of fixed coil L3, the data for A1l:L3 were less reliable 
ta for “Pp 1:L3 3, so that the ratio Al:L3 was given twice as large an adjustment as was given to 





Moving coil 


Number 
of ob- 
serva- 
tions 


Observed 
ratio of 
radii 


Devia- 
tion from 
mean 


Adjusted 


ratio of 
radii 








Is: 
| 





_> YORE 








0. 539 3497 
. 539 0832 
- 612 5251 
. 612 8091 
- 489 4701 
- 489 3822 


. 554 5363 
. 554 2569 
. 629 7661 
. 630 0638 
- 503 2552 
. 503 1601 








0. 539 3505 
. 539 0814 
. 612 5231 
. 612 8099 
. 489 4714 
- 489 3820 


. 554 5354 
. 554 2587 
. 629 7681 
. 630 0629 
. 503 2520 
. 503 1601 





measurements include 7 runs which were made with the 2 windings of B1 connected in series. 
’s results were corrected for the leakage caused by the insulation resistance between turns (see 
he mean of the series results, taken separately, differed by less than 1 part in a million from the 

taken with the usual parallel ‘connectio n of the windings. 


irements taken before the short-circuit occurred gave an average V 
nts taken after the compensating resistors had been installed (see footnote 8) gave an average value of 


value of 0.539 0829, and 7 


meas- 


Measurements after the short-cire:vit had been discovered and before the compensating resistors 


ten installed gave values 42 parts per million lower than the average. 
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TABLE 11.—Computed ratio of the radii of the moving coils, using each fixed ¢n;) 
° ° COU as 
intermediary 





Ratio of radii 


Intermediary fixed coil AlL:P] 





PK cittcateetnaen aunts nddemnene 





VII. EXPERIMENTAL DETERMINATION OF THE 
MAXIMUM FORCE BETWEEN THE COILS 


The procedure for determining the maximum force was essential); 
the same as described in the previous paper. The moving coil was 
suspended from one arm of a sensitive balance. Two fixed ¢ojls 
having diameters about double that of the moving coil were mounte( 
one above, the other below the moving coil. The planes of the three 
coils were made horizontal by means of sensitive levels, and their 
coaxiality was checked by electrical measurements with the balance 
itself. The distance between the fixed coils was that at which th: 
force per unit current on the moving coil was the maximum that cou! 
be obtained with this set of coils. In this position there were measured 
both the sum of the forces of the two fixed coils on the moving coil 
and their difference. When the moving coil was connected in series 
with the fixed coils, the procedure in making the measurements of 
force and in adjusting the coils was the same as described in the pre- 
vious paper. When the moving coil was in parallel with the fixed 
coils, as shown in figure 9, the procedure for making a measurement 
required not only the reading of the swings of the balance but also the 
frequent adjustment of the two resistors by which the currents in 
the fixed and the moving coils were maintained constant. 

The measurement of the force and the adjustment of the coils was 
carried out in the same manner as previously described. Also, the 
difference of the forces was regularly measured to make the necessan 
corrections for lack of perfect adjustment of the coils. This measured 
difference of the forces was compared with the computed difference of 
the forces as a check on the computations. As the check was satis- 
factory in every case, detailed values are not given. ‘ 


1. SOURCES OF ERROR AND CORRECTIONS 


Thirteen different sources of error were discussed in the previous 
publication. Only five of them will be discussed here, since for eight 
of them—the adjustment of the coils, the sensitivity of the balance, 
the weights and buoyancy correction, the lead correction, the changes 
in rest point, convection currents in the air, the presence of magnetic 
bodies, and the effect of external magnetic fields—the same considere- 
tions hold now as formerly. The sum of the maximum uncertainties 
which were assigned to these eight sources was between 7 and 12 parts 
per million in the current. As all of these which may have produced 
an appreciable effect were accidental errors, the average result from 





ae, 
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, number of observations would probably not be influenced by any 


} if them. ? _ “ 
“Tn addition to the 13 sources of error previously considered, there 


question, already discussed, of the insulation resistance when 
indings of the fixed coils of aluminum ribbon were connected in 
<ories and the possibility that, in the coils of aluminum ribbon, the 
ourrent distribution was affected by the magnetic field. Such a change 
‘ Jistribution would be produced by the Hall effect. However, a 
athematical analysis showed that the effect on the force was much 
acs than 1 part in a million and might be zero. 

~ The only other variation from uniform current distribution was the 
ce of current in the insulation between the turns. Although this 


is the 


the W 


} 


apsen 


ition in the aluminum-ribbon coils was only 4 to 6 u in thickness, 


a 
i 


] 
the insulation occupied about 10 percent of the cross section. How- 
ver, this lack of uniformity produced a negligible effect on the com- 
»yted current, since the magnetic intensity produced by a current in 
, ribbon at a point which is farther from the center of the ribbon than 
is width is, to a high degree of approximation, independent of the 


F thickness of the ribbon. 


(a) ACCELERATION OF GRAVITY 


The value of gravity has been taken as 980.095 cm/sec *, the same as 
F inthe previous work. This was based on the value of 981.274 cm/sec? 
at Potsdam. However, absolute determinations '* made at the Na- 
‘tional Bureau of Standards and the National Physical Laboratory, 
since the previous publication, gave values 20 parts per million and 13 
parts per million, respectively, lower than the one derived from the 
Potsdam value. While this must be considered in arriving at a value 
of the ampere which will be used to fix the electrical units, yet com- 
parisons with previous determinations and those of other laboratories 
are facilitated by using for the present the old value of gravity. 


(b) TEMPERATURE OF THE COILS 


The temperature of the coils introduced a larger correction with 
some of the new coils than with those formerly used. The reason is 
‘that the correction involves the difference of the temperature coeffi- 

cients as well as the differences in temperatures of the two coils from 

the standard temperature (22° C). As the temperature coefficients 
of the new coils were carefully determined, and the temperatures were 
obtained during every observation by measuring the resistance of the 
winding, the error of a single observation resulting from the tempera- 
ture correction was about the same as formerly; namely, 2 parts per 
F million, 
(c) ELECTRICAL LOAD ON THE COILS 


The effect of the electrical load was much less for the new coils than 
for the older ones. With the moving coils, the same load was used in 
the current balance as in measuring the ratio of the radii. Hence, no 
correction for load was required for these coils. For the fixed coils of 
aluminum ribbon, the load coefficients were so small that the maxi- 
mum correction on this account was only 3 parts per million. The 


—— 

4 This analysis was carried out by C. Snow. 

" Heyl and Cook, The value of gravity at Washington, J. Research NBS 17, 805 (1936) RP946: Clark, An 
sbsolute determination of the acceleration due to gravity. Roy. Soc. Phil. Trans. (London) 238A, 65 (1939). 
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error in applying this correction was probably less than 1 part in 
million for the new coils, whereas it may have been as large as 3 pay; 
in a million for the older fixed coils. ie 


(d) EFFECT OF ERRORS IN THE MEASUREMENT OF THE CROSS SECTIONS oF THE 
COILS 


The effect on the measured force of errors in the measured eros. 
sections of the coils was computed by eq 57 of the previous papor 
The results are given in table 12, which, for convenience of comparis i 
includes data on the coils used in the previous investigation, Tj 
estimated uncertainty of 20u for the half-sectional dimension of eq¢} 
of the old coils is twice that given in the previous paper, since q pp. 
examination of the original data shows that this is a more probable 
estimate. For the new coils, the corresponding estimated yneer. 
tainty in the measured dimensions is one-half the average deviating 
of each group of observations from the mean of all the groups. — Sinoea 
the sign of each computed error cannot be known, the maximum error 
resulting from these estimated uncertainties is the sum of the indiyid. 
ual errors, but the square root of the sum of the squares is a more use{y| 
method of comparing results as it is proportional to the probable erro; 


TABLE 12.—Effect of estimated uncertainties in the measured dimensions of | 
cross sections of the coils on the computed force 





Estimated un- Estimated un- 
certainty ® in certainty ® in Computed» error in F fro: 

cross-sectional cross-sectional certainties 
dimensions dimensions 





Fixed coil gen 








| | ppm | ppm | ppm 
20 ) ; 4.8] 4.8] 30 
20 20 |f ate | 2.0 | 21 


Si or S3......... 20 x : j 62.4] 2.4] 33 
20 20 | 1231 1.2193 











S. OF Ge.....5 20 | 2 | . 5 | 0.! 2. ( 
L3 or L4 mi § 
Bi or B3...-- 5 | 5 | | 

Si or 82..... 20 | 2 Al | 2.% 10 


L3 or LA... 20 | 


| 


Bi or B2____. 5 | | L6 
Lis| ns] is 


of 


2.0 





J 59 | 








| 2.0 
| 








® Values given in these columns are one-half the estimated uncertainty of the cross-sectional dimeusi 
in order that they may be used directly in the equation for computing the error in F. 
» This error was computed by eq 57, page 724, of the previous publication. 


(ec) SUMMARY OF ESTIMATED ACCIDENTAL ERRORS IN DETERMINING THE 
ABSOLUTE VALUE OF THE CURRENT 


A summary giving the effect on the absolute value of the current 
of the estimated uncertainty from each of the sources of error to which 
a value of the average deviation can be assigned is given in table 13. 
Of these sources, the acceleration of gravity is common to all the obser- 
vations. The finite cross section of the coils was the largest source of 
error for most observations, but the changes in rest point gave, with 
some sets of coils, as large an error when the force was very smal. 





ris.) Absolute Ampere 507 


The resultant effect of the errors is different for each of the different 
combinations of coils. The resultant uncertainty for each combination 
of the coils lies between 4 and 24 parts per million. 

In the observations with a given current and set of coils, the differ- 
ences between individual runs were the result of only four of the sources 
of error listed in table 13; namely, adjustment of coils, sensitivity of 
balance, temperature of coils, and changes in rest point. Using the 
ralues given in the table, the probable uncertainty of an individual 
value from the mean of the set is 5 parts per million. This estimated 
ralue is in good agreement with the observed values given in the last 
column of table 14, which are the average deviations of a single obser- 

tion from the mean of the group. The observed values include 
not only the uncertainties in the absolute value of the current, but also 
those connected with the measurement of the current in NBS inter- 

nal amperes. These latter uncertainties were estimated to be 
less than 2 parts in a million, since they involved only standard cells, 
tandard resistors, and a very simple measuring circuit. 


vat 
vo 


TABLE 13.—Summary of sources of error in the absolute measure- 
ment of current and estimates of their maximum magnitudes 





Effect on | 
| value of 
Z current of 
Sources of error probabk 
} Uuncertain- 
| ties 


ppm 
trnent of coils a 
ivity of balance... 
s and buoyancy correction 
ation of gravity ®...._- 
tatio of radii_._- : 
mperature of the coils 


A A A 
Te b> de hee CO 


moving coils 
‘lectrical ioad coefficient of the coils >4old fixed coils. - 
\new fixed coils 


ead correction... - 
‘hanges in rest point 
‘onvection currents in the air 
metic bodies is 
External magnetic fields 
Finite cross section of coils > 
Hall effect 


Insulation resistance when windings of Bl and B2 are in series | 


/ 


in 
t / 
ee oe 








ilue used was the same as in the previous work, namely, 980.005 cm/sec? at the beam of the balance. 
n is concerned only with the transfer from Potsdam to Washington. 
is different from that in previous paper. 


In addition to accidental errors, there are systematic errors which 
can be estimated only by comparing the results with the different sets 
of coils. This comparison will be made when discussing the results of 
all the measurements. 


VIII. VALUE OF A CURRENT IN NBS INTERNATIONAL 
AMPERES AND IN ABSOLUTE AMPERES 


The value, in absolute amperes, of a current having a value of 
1 NBS international ampere has been obtained for six combinations of 
coils. The results, expressed in the form (Iygs—ZJ,)/J,, are given in 
table 14 for all of these combinations, where /yps is the value of the 
current in NBS international amperes and J, is the value of the 
current in absolute amperes. In the table are also given the nominal 
values of the measured force and of the currents in the coils. 
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TABLE 14.—Summary of the results on the absolute determination of the am». 


| 
| | Approximate | 
| | current 
} Approxi-| 
Fixed | mate | 
coils | forcein | 
grams om 
coil ale 


No. of 
obs er- | 
Moving | vations I 
coil Na8—T, 


in 
: 
F —_ | group I, 





May 1935 

June 1935 

Dec. 1936 baie 
May and Jur 1687... ci 


| 
| 
| 
| 
| 
| 
| 
| 





Average with coils SI and 82 
Average deviation of the mean of zach groupfrom the mean of all the groups in | 
which coils S1 and S2 were used. ae | 


_ ag Mar. 1936_- 


Wer: and June 1936 


Average with coils L3 a y 
— ge devi Svan in of each group from the mei in of all the groups in 
hich coils L3 and LA were used ; 








June 1938 } » If 
Do... y, Bl, B2 } 
Aug. and Sep. 1938 | 
Sept. 1938___- Scene | 
, B2 
Sept. and Oct. 1938___.___. 
Oct. 1938. ... 





Average with coils BI] and B2__. . | 
Aversge deviation of the mean of each group from mean of all the groupsin | 
which coils Bl and B2 were used__. sé ‘ : Be 


® The windings of the fixed coils were connected in series which doubled the number of turt 
fore the heating effects and the force. A correction of 3 parts in a million was made for leakage 


IX. DISCUSSION OF RESULTS 


The discussion of results is for the purpose of indicating the uncer 
tainty that may exist in the result when any coil or combination of 
coils was used. A summary of all the results obtained in this and the 
previous investigation is given in table 15. In analyzing the sources 
of error in a previous section, it was shown that the uncertainty in 
a result was largely caused either by uncertainties in the cross-se- 
tional dimensions of the coils that were used or by systematic errors 
that can be detected only when comparing the results from different 
sets of coils. Hence, this discussion will be mainly concerned with 
these questions, since ‘the result with any set of coils could be repeated 
within a few parts in a million (see table 14). 

The construction of the older coils is such that the cross sections 
cannot be remeasured, so that it is necessary to depend on the values 
obtained when they were constructed some 30 years ago. The coil 
made for the present investigation were so designed and constructed 
that the cross-sectional dimensions could be ‘accurately measured 
and can be remeasured whenever necessary. 
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Rach of the fixed coils, S1 and S2, had 28 layers of wire, and the wires 
were brought up from one layer to the next on the same diameter, 
~y that, as stated in the earlier work, “the winding became elliptical! 
with the long axis along this diameter.” This ellipticity was important 

+ mainly because 1t affected the cross section. As a result, the correc- 

) on for cross section was quite uncertain. This uncertainty was con- 
¢rmed by the variability in the results with this pair of fixed coils 
column | of table 15) when used with different moving coils. For 
these reasons all the results when using the fixed coils, S1 and S82, 
have heen given ZeToO welght. 


Summary of all the results obtained in this and the previous investigation 


en 
| Values of (Inss—Ja)/Ia 


Pairs of fixed coils 3 Si,s2 | . 28) tse Bl, 





| 
| 
| 
1010-6 9410-8 
53 81 | 


80 113 
120 149 





‘he uncertainties in the cross sections of the moving coils, M2 
and M8, produced, as shown in table 12, a large uncertainty in the results 
obtained with these coils. The experimental results obtained with 
these coils (first and second rows of table 15) and only two of the sets 
of fixed coils show differences such as might be expected from large 
uncertainties in the cross-sectional dimensions. Moreover, the con- 
struction of these coils was similar to that of S1 and S82, so that the 
same kinds of systematic errors were undoubtedly present as have 
been deemed suilicient to give all results obtained with Sl and S2 
aweight of zero. Hence these three lines of evidence indicate that the 
results using the moving coils, M2 and M38, should be given very little 
weight. They have not been used in determining the weighted mean. 

Fixed coils L3 and L4, while wound with 36 layers of wire, were 
made so as to avoid the ellipticity that occurred in S1, S2, M2, and 

The method of winding was described in the earlier publication 
as follows: “The wire was brought up from one layer to the next at 
a point one thirty-sixth of a revolution short of the point at which it 
was brought up the layer before. Thus the coil is kept circular and 
each winding has one turn less than by the old method.” Although 
this method of winding increased the uniformity of radial depth, it 
introduced an uncertainty concerning the current distribution, since 
a part of a turn was lacking in every layer. However, these coils 
were 50 cm in diameter, whereas S1 and S2 were only 40 cm, and the 
increase in diameter made a knowledge of the cross section less im- 
portant. These conclusions concerning the reliability of coils L3 
und L4 are substantiated by the results which were obtained when 
using them with different moving coils (2d column of table 15). 
Hence, those results obtained with L3 and L4 and the moving coils, 
Pl and Al, have been retained. 

The moving coils, P1 and Al, had quite different cross-sectional 
shapes, yet both met the requirements imposed in deriving the formula 
or computing the absolute value of the current. Because of the 
difference in shape, there seems to be little chance of a common source 
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of systematic errors. While the results for Al (3d row of table 
are, for corresponding pairs of fixed coils, somewhat lower thy 
for Pl (4th row), yet these differences are probably all i 
either of uncertainties in the fixed coils or of experimental! eyp si 
No sufficient reason has been found for weighting the results o}; i ' 
with one coil differently from those ob tained with the other coil. 

Fixed coils Bl and B2 more nearly conformed to the theoreti 
requirements than did the coils L3 and L4. Only in two pr, 
was there a measurable deviation from the cross section postulate 
in deriving the theory. The edges of the ribbon did not all Jie jy « 
plane perpendicular to the axis of the coil, but formed a series of ston: 
The effect of this was shown to be negligible. Also, the ribbon y 
slightly longer at the edges than at the centel, so that the ontsj, 
layers of the coil were concave outwards. This necessitated takins 
an average radial depth, but the uncertainty in this did not introd 
an uncertainty of more than 1 or 2 parts in a million in the res); 
After considering the facts, the authors have arbitrarily given th, 
results with B1 and B2 (last column of table 15) twice the weicht 
those with L3 and L4. 

The computation of the weighted mean of the results is given jy 
table 16. Those that have been given zero weight are not include; 


SVpects 


TABLE 16.—Evaluation of the weighted mean of all the results which havi 
discarded 


Ratio of the 
value of a cur- 
rent in absolute 
amperes to the 
value in NBS 
international 
amperes 


Moving 


Fixed coils coil 





0. 999 887 
880 





853 
851 








0. 999 862 











in this table. The weighted mean of this and the previous investi- 
gation 1s 


1 NBS international ampere=0.999 86 absolute ampere. 


However, the weighting had little effect on the result. If the result g 
from both sets of fixed coils, which are given in table 16, had be 
given equal weight, the w eighted mean would have been decreased 
by only 5 parts in a million, but if coils B1 and B2 had been given 8 
weight of 5, the increase would have been 5 parts per million. . 
The difference between this result and that previously published 
is 68 parts in a million. This difference now appears to ne largely, 
if not entirely, the result of systematic errors in the previous investl- 
gation. There is no indication that there has been any drift in the 
NBS units of resistance or electromotive force on which the NBS 
international ampere is based. The systematic error resulted because 
the actual coils used in the previous investigation did not sufficiently 
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yell conform to the requirements imposed in developing the theoretical 
‘rmulas. In the present investigation the probability of a systematic 
error affecting the results was greatly reduced by using two different 
types of moving coils and two different types of fixed coils. The 
hors are convinced that the accidental errors of the present investi- 
vation have not introduced an error of as much as 20 parts per million 
a the final result. : ’ ; 

“From the results of the international comparison of standard 
sesistors and standard cells at the International Bureau of Weights 
and Measures in 1937, the result here given can be expressed in mean 
ternational amperes. In order to indicate the difference between 
the two international amperes, it 1s necessary to carry results to six 
smificant figures. ‘Then 

ig =1.000 006 NBS international ampere. 
=0.999 868 absolute ampere. 


The above values are based on the value of gravity as determined at 
r 


Potsdam. Using the value of gravity recently obtained at the 
National Bureau of Standards, 


| mean international ampere{ 


| mean international ampere=0.999 858 absolute ampere. 


X. COMPARISON WITH RESULTS RECENTLY OBTAINED 
IN OTHER LABORATORIES 


Since the publication of the previous report, the results of three 
investigations in other Jaboratories have been published. The results, 
including the one from this paper, are given in table 17. 


Taste 17.—Recent results on the absolute value of the ampere 





Published | Converted ! 

value of 1 |value: 1 mean 
Type of cur- national international} Published estimate of 
rent balance ampere in ampere in uncertainty in result 
absolute absolute 
amperes amperes 


Laboratory 


LCE (France) 3 0.9998» 1.00004 | Several parts in 10 
thousand. 


NPL (England) 3 Ayrton-Jones - . 999 86 99985 | 20 ppm. 
ETL (Japan) 4 Rayleigh - 909945 . 999935] No estimate. * 
NBS (United States)_...].....do......... . 999 862 . 999 868 | 20 ppm. 




















¢ published values in terms of national amperes were converted to mean international amperes by 
{the values for the different national units as obtained by the International Bureau of Weights and 
The French conversion factor was obtained from the Procés-Verbaux for 1935; the conversion 

r the other nations from the Procés-Verbaux for 1937. 
iy and Jouaust, Sur la measure absolue des champs magnétique et la detérmination de l’ampére en 

J. phys. radium [7] 6, 123 (1935). 
roureux, An absolute determination of the ampere, Roy. Soc. Phil. Trans. (London) 236A, 133 (1926); 
hys. Lab. Collected Researches 24, 173 (1938). 
ia and Ishibashi, Detérmination absolue du courant, Procés-Verbaux des Séances du Comité 
ernational des Poids et Mesures [2] 18, 185 (1937). ; 

he average deviation of the experimental result with each set of coils from the mean of all the sets is 


+37X 10", 


The authors acknowledge help from many of their associates at the 
National Bureau of Standards, only a few of whom have been men- 
tioned in this paper. 


Wasuinaton, February 14, 1939. 
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XI. APPENDIX I 


An Addition to the Derivation of the Force Formula to Include 
Some Terms of the Sixth Degree in the Coil Dimensions 


By Chester Snow 


The force between two coaxial circles carrying unit current is de noted 
by F(z,a), where z and a@ are two dimensionless independent vati- 
ables, a being the ratio of the radii a2/a;(a;<a,) and x being 2lVete 
where z is the distance between their planes. The force between 
actual coils of rectangular cross section carrying in each turn currey 
I, and Jp, respectively, is denoted by § (z, a), which depends on th 
current and number of turns in each coil and is proportional to F 
(rz, a), where a, and a, are the mean radii of the coils and 2 is the dis. 
tance between their mean planes. However, § (z, a) also ineludos 
a factor which is only slightly different from unity and which js , 
function of the dimensionless ratios 6/a and c/a for each of the t 
coils, where 26 is the axial breadth and 2c is the radial depth of the 
rec tangular cross section of a coil of mean radius a. 

In a previous paper  §(z,a) was evaluated by assuming that the 
current was uniformly distributed over the cross section of the eo 
In section V of that paper this assumption was shown to be a matter of 
convenience in reckoning only, provided that the effective ratio of th 
coils was measured by comparison of the magnetic fields at their 
centers, and also on the assumption that each wire was at the center 
of a square of such dimensions that the coil section was complet 
filled by these squares. With these assumptions the formula for tly 
force may be put in the general form 


§ (x,a2) = Nel T,F (2,0) {1+ Ap (xx) + Ay (2,2) + Ag(x, ax) 


where n,; and n, are the number of turns in the coils, J, and J, are th 
currents in the coils, and A, Ay, and A, are algebraic terms involving 
the four small ratios },/a;, ¢;/a,, 62/d2, and c:/a, to the degrees two, four 
and six, respectively. Terms of odd degree do not appear in the 
formula, because the centroid of each coil section is, for convenience, 
taken as the origin of reference, about which the force is expanded 
by Taylor’s theorem in four variables. 

In the measurements reported in the previous paper by Curtis and 
Curtis, the four small ratios given above were all of the same order of 
magnitude and so small that terms of sixth degree were less than 
1 partinamillion. For this reason the term A, has not previously been 
evaluated. 

In the present paper there is described a new moving coil, P1, with 

a single layer whose axial width, 22, is so much larger than any pre- 
vious coil (2.7 em as compared with 1 cm) that the evaluation of @ 
small number of the many terms of sixth degree was required. The 
number was not excessive because of the small radial depth, 2c, which 
was only 0.1 that of the other coils. 


4 Snow, BS J. Research 11, 681 (1933) RP615. 
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By the same methods used in obtaining A; and Ay, it is found that 
.l] terms of importance in A, are given by 


- x 27) 4 7)2 
b: b; 2p? 4 I 4) 2 2 100; DDE + D, DIF 
me ea F +c}} 62+ 3) FP +c; — F (5) 
Using the partial differential equation for F’, these partial derivatives 
may all be expressed in terms of ordinary z-derivatives, as in the 
orizinal derivation. The latter may then be expressed, as before, in 
terms 0 
on n+1n Fyn) 
An (x) a sa 1) os | 


«9 that in addition to the 4, A», A3, and Ay (defined in eq 12 of the 
paper listed in footnote 14) there are the two new ones 
a? [—7527d, +2132? d.— (1172? +-40) Ag 4-20 (2?+ 1) ry] 
i sacar : zr -}- 27? -{- p* a oe Pa 2s 
w= 2882" Nat 4472's (172° + 60) +24 (Z?+ 1) ds) 
at 2a°+ B? 


(6) 
(7) 


In computing the \’s by these formulas, \;=0 for the position of maxi- 
mum force. Equation 5 becomes 


2 4 2p2 bs 2 
—— b: | bi+ bibs +7 Ne +H (363+ 10b?) (224,—48 8.) 
x AG! ne 6a; 


A? 


+ CL (Bbi-+ 100}—Ge})[— (1+ 8) Mot (2B) rs—5 (2+ B) 


—48(5d3+15d,+18,—30)]}, 


where 
A’=ai+ a’, 
B= (1—a")/(1+0%), 


and all the other quantities have been previously defined. The ex- 
pressions for Ay, 2, As, and Ay are given in Snow’s paper '§ and were 
reproduced for the case of maximum force in the previous paper ' by 
Curtis and Curtis. 

If this expression for As, together with those previously obtained for 
4, and Ay, be used in eq 4, this gives the force § (z, a) for any axial 
separation of the coils. However, in practice this separation was 
adjusted to give the maximum force, denoted by }¥m={ (2m, a), where 
Tn=2m/A and 2m the separation which gives maximum force, ¥m, be- 
tween the actual coils, while r>=2)/A, where 2 is the separation which 
gives maximum force, F',, between two filaments. The relation be- 


tween %m and 2p 1S 2m=Xo-+4x%, where dzy is obtained by substituting 
————— ees 

Reference in footnote 14, 

Reference in footnote 1 
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in eq 16 of Snow’s poe, expanding in powers of 6zy and taki; 
account of the fact that F’(%,a)=0. It is thus found that 


6X _ XA [1—a+5% 7a) pes ‘ +44 
Lo Ae rz tz r=2, 
where primes designate derivatives with respect to x. In the origiy al 
application contemplated, where the degree of the term was the sq we 
as its order of magnitude, a precision of the fourth order in the ma my 
mum force was obtained by taking 6z9/rp=2)A2/2, which is the seo. 
ond degree. The additional terms in the brac ket of eq 9 are now 
necessary, because the contributions of terms involving 6, are larger 
The order of magnitude of 526/25 1 is the same as before. ; 
Applying a Taylor’s expansion to the force, §, as a function of z 
about the point %, and making use of eq 9, the formula is obtained 
by which the maximum force is computed 


(A: 2)? 
2X» 


+] detaed, (22) 45 6A, — AoAg) (2: ) +*1 nS agi 10 


Formulas have been given (either in this or in the previous paper on 
the ampere) for computing all the above quantities except 4), 


This is 


ear. __1 [2(bi—ci +b) , : 
Ar = — Foz A? - n+{(E iT 8 -(2-£ 3) eh 
3\,_ (b3—c?+b3—c2) 
| (Ga) aH(g-g)e- SE, 
C3 
+0(3 - 3) | : 


The bracket of e bap which is added to the original formula for the | 
force, contains only terms of sixth degree—and only those which are 
infinitesimals of the fourth order (considering b,/a; and ¢,/a; a3 
infinitesimals of the first order.) 

The value of a can be obtained more accurately by electrical meas- 
urements, than by mechanical measurements. For the electrical 
measurement of the ratio of the radii, the coils are mounted concentric 
and coplanar. Currents J; and J; in the coils are adjusted until the 
magnetic fields, H, and H, at the common center are rg ag - 
opposite. If r=nel;/n,J;, when H,+H,=0, it is necessary to deter 
mine the relation between 7 and a. 

For the fixed coil of rectangular section, the magnetic field, //,, at 
its center is given by eq 24 of Snow’s previous paper,!” when terms of 
sixth degree are negligible, as was the case with coils previously used 
and also in the present case. 


This is 
H.=~ 2ant; E ++ | (12) 


ay, 


m=MNel1,F (Xo, a)}1 4 Ap Ag+ 


17 Reference in footnote 14. 
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for the solenoidal moving coil, the magnetic field, H:, at its center is 
given with an accuracy of 1 part in a million, provided terms of sixth 
degree are NOW retained, which gives 


Qual, GK. 
ma tat ata | a 


Ineq 12 and 13 


. 6 
bi + ~ _4, (14) 


2 §? 4 
Js G.=F— 


here the subscript 7 may be either 1 or 2, according as H has a 
subscript 1 or 2. Equating the values of H, and H;, solving, and 
inserting the value of 7 


rettar1—a( i —71)+2 | a G43 +o" | 


AHO] 0 


oe is equation gives the ratio of the radii of the centroids of the coils 
sa function of the ratio, 7 (which is measured electrically), and of the 
tios of the cross-sectional dimensions of both coils to the radius of 
the larger coil (which are determined from mechanical measurements). 
In practice it has been found more convenient to compute a correc- 
tion for each coil than to employ eq 15. Since for any coil the formula 
for the magnetic field at its center may be written as 


eat 


H= (1—A), (16) 


it follows that, for any two coaxial and concentric coils in which there 
are currents J; and J; such that H,+-H2=0 and in which the subscript 
lis used for all the constants of the larger coil and 2 for the smaller 
coil, 

oma, mii)’ (17) 


where for each coil 


36* = b*c? 56° 
1—A= satiation “at +5 gait ° (18) 


The last term of the series was required only for the solenoidal moving 
coil. Since A is a function of the dimensions of the coil, it is a con- 
tant that, when once computed, can be applied to any ‘combination 
lor measuring the ratio of the radii in which it is used. 


Ee 


" See p. 707 of previous paper. Reference in footnote 1. 


139015—39———-$ 
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XII. APPENDIX II 


Correction to the Force Caused by an Axial Displacement of Som, 
of the Turns in the Coils Made from Aluminum Ribbon 


By Chester Snow 


The width, w, of the conducting ribbon with which the coil ws 
wound was practically constant. The successive layers did not i 
exactly one above the other, so that the axial width, 26, of the ¢)] 
was not the same as the width of the ribbon, and the cross sectip 
of the winding was not exactly a rectangle of the axial width, 25, a. 
the radial depth, 2c (area S=2cew), but was like that of a pack of 
cards which had been given a shear (nonuniform). The area, § 
and the radial depth, 2c, remain unaltered. : 


B 


arn 
| 





<——Radial Depth=2c 





be. 
' 
' 
| 
| 
| 
t 
' 
1 
t 
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A 
——-Width of Ribbon = w——> 
z4- ¥ 24+¥ 
FigtrE 10.— Diagram to illustrate the cross section of a coil of ribbon when th 
individual turns are displaced with respect to the average position. 


Let » (which is a function of r) represent the amount by which the 
tape at radius r is displaced in the positive z-direction from the pos- 
tion it would have if the section were rectangular. The sides, in the 
radial direction, of this ideal rectangle are shown as dotted lines in 
figure 10. The true section is shown in the figure as bounded in the 
radial direction by two parallel curves. The two sections have the 
same center of gravity (Zu=0) but do not have the same moments 
and products of inertia (2y?0 and Yyu,u,+0, where yu, and 4, are 
the displacements at any two positions, p and y). 

The modification of the original formula for the force between 
coaxial coils to allow for the axial displacements of the ribbons was 
obtained by following through the unpublished details used in th 
original derivation. The following notation is the same as used 1 
the original derivation , where the subscript 7 (=1 or 2) may refer to 
either of the two coils. 


iC, Bnow, BS J. Research 11, 641 (1933) RP616, 
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{he centroid of each coil section is taken as the reference point 

th for the calculation of maximum force §,, between the coils and 
for the determination of the ratio a of their effective radii, so that 
rerms of odd degree in » do not appear in the formula. The dis- 
placement, Hy is for each layer small relative to w, the width of the 
strip. 
- reexamination of all the terms of the original expansion * for 
determining the force between coils shows that the only modification 


, o> 4 w, 3-. 
to be made in this equation is that 6{ must be replaced # by 4 tee 


where p2 is the average of y»? with respect to r; that is, 


1 ites : 
yw f, w(rdr, = 2. (19) 


=~ 
2¢1 Jase, 


This correction comes from an integral representing the moment of 
inertia of the section. Two integrals of the same order of magnitude 
also appear. They represent products of intertia of the form 


1 . . + 
sJ | ie a;) (2;- - 2,)dS, 


iture multiplied by D,FD,,F, and D_F is zero for the maximum 
e, so the products of inertia are unimportant. 
w,/2—db,, then from the above relationship 


8b, 3n? 
b, 43 (20) 


The complete effect of this error in 6; and 6, cannot be found until 
un examination is made of the effect of these y-displacements on the 
magnetic field as it is related to the magnetic determination of the 
ratio, a, of the radii. 

On repeating the derivation of eq 24 of the previous paper for this 
field, H, no products of inertia appear, and the same change in 6 is 
required as Was found in the case of the formula for the force §m. 

This error in 6; and 6, causes an error, d¥m, in the final evaluation 
of the maximum force, ®m, In two ways: first, in the force formula; 
second, in the ratio, a, of the radii. 

Both of these effects are taken intu account in the variation for- 
mula of the previous paper.” If the value of 5b,/b, from eq 20 is 
inserted in this formula, then 


—2AI(48)—s] Bal(G8)wre] pon 


~ 
Where yu; y > u?, in Which 4; is the displacement of the nth turn. It 


J measured in the axial direction from the line AB so chosen that 


), Where N, is the number of turns. 


f the paper referred to in footnote 19, 
luivalent fo mula is given, without derivation by Hosa, Dorse y, and Miller, Pul, BS 8, 269 (1911 
e fort ila is given on p. 316, 
€q 27 of the paper referred to in footnote 19. 
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EFFICIENCY OF A ROTARY DISTILLATION COLUMN ?? 
By Beveridge J. Mair and Charles B. Willingham * 


ABSTRACT 


De terminations of the height equivalent to a theoretical plate (H.E.T.P.), 
up, and through-put were made on a rotary distillation column of the 
m-Urey-Huffman type having a rectifying section 56 cm long and 5.08 em 
imeter. Using as rotating members (1) baskets with fine holes, (2) flat 
and (3) cones, tests of separating efficiency were made at speeds of rota- 
ranging from 250 to 1,500 rpm and through-puts ranging from 1 to 10 ml of 
quid per minute. The binary system methyleyclohexane—n-heptane was used 
sthe test mixture. The lowest H.E T.P. was obtained with the conical rotating 
, —_— spaced 0.64 cm apart, with which the following average results were 
: H.E.T.P., 1.04 em; hold-up, 1.3 to 1.6 ml of liquid per theoretical plate; 

jum through-put, 10 ml of liquid per minute. Within the reproducibility 

se expe ‘riments, there was no variation in H.E.T.P. for values of through- 

rom 2 to 10 ml of liquid per minute and speeds of rotation from 250 to 1,500 
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I. INTRODUCTION 


, Thoug ‘+h many improvements have been made in packed and 

ubble-cap laboratory distillation columns in the past few years, 
o of still greater efficiency are needed for separating hydro- 
carbons of eight or more carbon atoms per molecule from the gasoline 
and kerosene fractions of petroleum. Of the major characteristics 
which deseribe a distillation column, namely, the height equivalent 
toa theoretical plate (H.E.T.P.), the hold- -up, and the through-put, 
om through-put is of least importance when the greatest possible 

ation is desired. 
Fenske and coworkers [1, 2, 3, 4]* have made a comprehensive 


issistance has been received from the research fund of the American Petroleum Institute. 
k is part of Project 6, The Separation, Identification, and Determination cf the Constituents of 


ed before the Division of Petroleum Chemistry at the ninety-seventh meeting of the American 
ety in Baltimore, Md., April 3 to 7, 1939. 
earch Associates at the National Bureau of Standards, representing the American Petroleum Insti- 


‘ Figures in brackets indicate the literature references at the end of this paper. 
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study of the efficiency of packed columns. They found that fo, 
given type of packing in columns from 5.4 cm to 2 em in diameter 
decreasing the diameter of the column decreased the H.E.'T P, 1)) 
The most efficient column described by these authors [3] had 9; 
H.E.T.P. of about 2.5 cm, an inside diameter of 2 em, and was packe 
with single-turn helices (0.24 cm in diameter) made of No. 30 Awe 
stainless-steel wire. Bruun and coworkers [5, 6, 7, 8] have desjene| 
and tested a number of bubble-cap columns. The latest desicy «i 


sil Ul 


this type [7] has an H.E.T.P. of about 2.5 cm and a hold-up of abo, 
1 ml per theoretical plate. Since so much work has been done on the 
improvement of packed and of bubble-cap columns, it seems unlikely 
that a substantial reduction in H.E.T.P. can be made in these columy: 

Few data are available on rotary columns of the type designed }y 
Pegram, Urey, and Huffman [9]. Their original column had a diam¢. 
ter of 15.2 cm and a hold-up of 10 to 20 ml per theoretical plate 
Tested by Huffman and Urey [10] with a mixture of ordinary water 
and deuterium oxide, this column had an H.E.T.P. of about 1.6 em 
However, Huffman and Urey [10] have implied that a considerably 
better H.E.T.P. might be obtained with a hydrocarbon test mixture. 

This paper describes tests with respect to H.E.T.P., hold-up, and 
through-put made with a hydrocarbon mixture in a rotary column of 
smaller dimensions than that of Pegram, Urey, and Huffman. These 
tests were made with different types of plates, different speeds of 
rotation, and different through-puts. 


II. COLUMN ASSEMBLY 


In all of the experiments, the same column and still assembly were 
used, but with three types of rotating members: (1) baskets with smal] 
holes, (2) flat plates, and (3) cones. The stationary members were 
in all cases sections of a cone and were held in position with spacers 
on the inner wall. The complete still assembly with rotating cones 
is shown schematically in figure 1. This assembly differs from the 
Pegram-Urey-Huffman column only in minor mechanical details and 
in the dimensions and spacings of its parts. The fractionating column 
consists of the cylinder, G, and the rotating shaft, A, which is located 
in the axis of the cylinder and which bears the rotating members, J 
(baskets, plates, or cones). The shaft, A, extends through the con- 
denser, B, to the motor and is held in position by three bearings 
Reflux from the condenser, B, flows from the stationary cone to the 
top of the rotating member, from which it is forced by centrifugal 
action to the next lower stationary cone. At the lower end of the 
condenser there is an inner seal, C, so that liquid returning from the 
condenser to the column flows first through the U-tube, D, from 
which samples may be withdrawn as desired. The still pot contains 
a charging tube into which fits a siphon which extends to a small well 
in the bottom of the still pot. To the charging tube there is also 
fitted a manometer, Z, which contains butyl phthalate. The entire 
assembly was made of brass, with the exception of the glass sampling 
tube, D, and the manometer tube, L. These tubes were attached 
through standard taper Pyrex-to-brass joints sealed with soft solder. 

The length of the ~<a ay G, was 56 cm, its inside diameter 5.08 cm 
and outside diameter5.4cm. The diameter of the shaft was 0.95 cm. 
The spacers which held both the rotating and stationary members had 
a wall thickness of 0.16 cm. They were made from brass tubing ané 
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had a sliding fit over the shaft and inside the cylinder. Other dimen- 


«ions may be obtained from figure 1. 
~ The column was electrically heated in two sections. Asbestos rope 
064 em diameter) was hung vertically down the outside of the 
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ALL DIMENSIONS IN MM 
FiaurE 1.—Schematic diagram of distillation column. 


column and around this was wound the asbestos-insulated heating 
wire. The heating wire was covered with a 2.5-cm layer of magnesia- 
asbestos. Weston bimetallic laboratory thermometers with dial faces 
were used to read the temperature of the column. The stems of these 
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instruments fitted through the magnesia-asbestos lagging and ¢. 
tended into brass tubes soldered to the outside of the column. 


1. BASKETS 5 


The greatest separation would appear to be attained in a column j; 
which a fog of colloidally small particles of reflux is traversed by a yery 
slow stream of vapor. Such a column is not practicable, since only “ 
infinitely slow vapor velocity would prevent such a fog from beiye 
carried along by the vapor stream. However, in the Pegram-Uroy. 
Huffman column there may be an approximation to these conditions 
In this column there is between the cylinder walls and the periphery 
of the rotating cones a gap of 1 cm in which a spray of fine globules of 
reflux is traversed by vapor, and it may be that a considerable portioy 
of the efficiency of this column is attributable to the contact betweep 
spray and vapor rather than to the contact between the film of liquid 
on the metal surfaces and the vapor. This idea prompted the experi. 
ments with rotating baskets with holes in the outer edge, which it was 
thought might produce a better spray. 

Preliminary experiments were made with baskets of this type and 
with flat plates in a short section of a 5-cm glass tube. Kerosene was 
allowed to flow down the tube and air up the tube to simulate the 
conditions in a column. For visual examination of the inside of the 
column, the metal spacers which held the stationary cones had strips 
cut out of the centers. Visual examination gave no information about 
the size of the globules, but did indicate that the spray produced by 
the baskets was distributed over a wider area than that from the plates, 

A short section of the experimental column with baskets is shown in 
figure 1 (2). The baskets were 3.33 cm in diameter, the sides 0.32 cm 
high, and the lip 0.16 cm wide. In the sides of these baskets were 5( 
holes (each with a diameter of 0.045 cm) arranged in two rows. The 
stationary cones had an angle of 20°, and the diameter of the hole in 
the small end of the cone was 1.9cm. The spacers for both baskets 
and stationary cones were 0.95 cm in height. Both the stationary 
cones and the rotating baskets had a wall thickness of 0.04 cm. The 
56-cm section contained 55 baskets and 56 stationary cones. 


2. FLAT PLATES 


After the experiments with the baskets had been completed, the 
latter were replaced with flat plates of the same diameter (3.33 cm). 
No other part of the column was changed, in order that the effect on 
the H. E. T. P. of substituting flat plates for baskets would be directly 
determinable. 


3. CONES 


In the experiments with cones, the spacers were reduced to a height 
of 0.64 cm. This spacing is about the smallest practicable because 
any closer spacing is likely to cause flooding at very low through-puts. 
The angle on both sets of cones (M and QO, fig. 1) was 30°. The 
diameter of the upper edge of the rotating cones was 3.33 cm, the 
same as that of the baskets and plates previously used. However, 
the diameter of the hole at the bottom of the stationary cones was 


5 Spraying devices similar to these baskets are used in the Maclaurin scrubber [11] to secure intimate con 
tact between gases and liquids. 
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»5cm compared with 1.9 cm for the stationary cones used previously, 
jn the direction parallel to their surfaces, the stationary and rotating 
cones overlapped only about 0.48 cm. It was thought that this small 

verlap might reduce any tendency to flood caused by the close 
acing. The 56-cm section contained 77 rotating cones and 78 
jonary cones. 


stat 


III. EXPERIMENTS 


The n-heptane and methyleyclohexane used in the test mixture 
e purifie .d by filtration through silica gel and then by distillation 
in "hel lix-packed columns having a separating efficiency corresponding 

‘ abou t 100 theoretical plates. The data obtained by Bromiley and 

juiggle [12] for the analysis of this mixture by refractive index were 
ved. The number of theoretical plates was computed with the aid 
of the ea uation derived by Fenske [13], using for the relative vola- 
lity, a, the value 1.07 given by Beatty and Calingaert [14]. 

11 he pre wry column is not more difficult to operate than packed or 
bubble-cap columns and may be left to run unattended. The tests 
were made under total reflux, small samples of 1 to 2 ml being with- 
drawn from the still head and still pot at intervals of about 4 hours. 
When the refractive indices of successive head samples and pot 
samples were substantially constant (usually within +0.0003), 
equilibrium was considered to have been established. 

To determine the through-put, the stopcock, F’, was adjusted so 
that the liquid level in the U-tube fell to & and the rate of flow of 
condensate just balanced that of the liquid dripping through the stop- 
cock. The volume dripping through the stopcock in unit time was 
then obtained. It will be noticed from figure 1 that the ring for col- 
lecting the condensate was very close to the condenser and considerable 
condensation probably occurred below this ring. Therefore, the 
values of through-put recorded are minimum and are not precise to 
better than +1 ml per minute. 

Hold-up was determined by the method of Tongberg, Quiggle, and 
F uske {2}. This method consists in introducing into the dry still pot 
:mixture of known composition of a volatile and a nonvolatile liquid. 
Mter the column is operating as desired, a sample is removed from 
the still pot and the relative concentrations of the volatile and non- 
volatile substances are determined. From the change in composition, 
the hold-up can be computed. Benzene and Marcol (an aromatic- 
free fraction of petroleum having an initial boiling point of about 
230° C at 56 mm Hg) were the liquids used. The sample was siphoned 
from the still pot into a trap chilled with solid carbon dioxide, so that 
no benzene was lost. The volume of liquid contained in the annular 
ing and sampling U-tube at the head of the still (4 ml) was deducted 
from the observed values of the hold-up. The hold-up values re- 

corded are, therefore, for the rectifying section and still pot. 


IV. RESULTS 


The results of these experiments are tabulated in table 1 in the order 
in Which they were obtained. The lowest H.E.T.P., 0.87 to 1.35 em, 
was obtained with the cones which were spaced 0. 64 cm apart (ex- 
periments 7 to 27). This is to be compared with an H.E.T.P. of 
1.46 to 1.82 em for the baskets (experiments 1 to 4) and 1.88 cm 
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for the plates (experiments 4 to 6) with a 0.95-cm spacing. The plat, 
efficiency, that is, the ratio of the number of theoretical to the A 
ber of actual plates, varies from 0.56 to 0.70 for the baskets, is ¢ -; 
for the plates, and varies from 0.54 to 0.84 for the cones. Althoush 
the plate efficiency of the baskets does not differ appreciably fro, 
that of the cones, it is evident that, since it is not possible to pack 
together the baskets as closely as the cones, the baskets can not \. 
expected to produce as low an H.E.T.P. Moreover, the baskets gy 
expensive to construct. 7 


TABLE 1.—Results of experiment on rotary column 
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® There were 55 rotating and 56 stationary members for experiments 1 to 6 and 77 rotating and 73 sta 
tionary members for experiments 7 to 27. 

» For the basket-shaped rotating members, 0.95 cm apart, the flooding through-put is 25 to 30 ml of liquid 
per minute; for the flat-plate rotating members about the sarne; and for the conical rotating members, about 
10 to 12 ml of liquid per minute. The values in brackets in this column were estimated from the pressure 
drop. . 

e¢ The values recorded in this column were obtained by conversion of the readings of buty] phthalate 
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It is evident from figure 2 that the speed of rotation has no signif 
cant influence on the H.E.T.P. Huffman and Urey [10] found this 
true for their larger column with mixtures of ordinary water and 
deuterium oxide. 

Within the reproducibility of these measurements, there appears 
also to be little if any variation in H.E.T.P. with through-puts varying 
from 1 to 10 ml per minute. With experiment 12 (not plotted in fig. 
2) a lower efficiency was obtained. The through-put for this exper 
ment was not determined, but, judging from the pressure drop, !t 
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must have been very small, and it is questionable whether suffi, 
liquid was present to wet adequately the metal surfaces. 

As is to be expected, the pressure drop in the column is creator +), 
greater the through-put. The pressure drop depends to some ex; 
on the speed of rotation. At least it is less for a given throvol,. 
at 250 rpm than at 500 or 1,500 rpm. 

The variation in the number of theoretical plates with time is shoy 
for a few typical experiments in figure 3. After about 10 to 12 hoy, 
equilibrium is substantially established. Although sometimes 
decrease and sometimes an increase in theoretical plates occurs after 
12 hours, this variation is apparently normal for the column. 

The variation in hold- -up for various through-puts at rotation speeds 
of 500 and 1,500 rpm is shown in figure 4. The hold-up varies froy 
about 70 to 86 ml with through-puts varying from 2 to 10 ml and does 
not depend appreciably on the speed of rotation, although at lowe 
through-puts there appear 
be a slightly lower hold- 


| nner higher speeds. 
x 

rT e 

| 








; ae V. CONCLUSION 


Disregarding experiment 7 
since it was the first of a series 
s°Velues of ISOORPM FT = and experiment 12, for reasons 


© «Values at 500 RPM 
already mentioned, the averag 


value of the number of theoreii- 
cal plates, using closely spac 
, ; % cones, is 54. which corresponds 

THROUGHPUT OY OA /pany to an H.E.T.P. of 1.04 em 

Figure 4.—Chart showing the relation- | Lhis may be compared with : 

ship between hold-up and through-put H.E.T.P. of 2.5 em for the best 

for two speeds of rotation. bubble-cap [7] or packed col 
umns [3]. 

The hold-up of the rotary column though small, 1.3 to 1.6 ml per 
theoretical plate, is somewhat greater than the 1 ml per theoretical 
plate reported for the bubble-cap column by Bruun and Faulconer 
[7]. Tongberg, Lawroski, and Fenske [3] have not reported the hold- 
up for their helix-packed column of 2-cm diameter. However, th 
great advantage in H.E.T.P. makes the rotary column valuabl 
despite its slightly greater hold-up. 

The maximum through-put of the column is about 10 ml of liquid 
per minute. This compares with slightly over 20 ml per minute 
reported by Tongberg, Lawroski, and Fenske [3] for the 2-cm pac “a 
column and to 30 ml per minute ‘of liquid benzene reported by Br 
and Faulconer [7] for the 2.5-em bubble-cap column. This smaller 
through-put is of secondary importance in the last stages of the isolatic 
of hydrocarbons from petroleum, where the time saved by effective dis 
tillation greatly outweighs the time involved in the distillation i itself 

Judging from these tests, it appears possible to install in a room of 
ordinary height a laboratory rectifying column having a separating 
efficiency of from 200 to 250 theoretical plates. 
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BEHAVIOR OF RUBBER HYDROCARBON IN A 
MOLECULAR STILL 


By W. Harold Smith and Henry J. Wing! 


ABSTRACT 


The values of the molecular weight of rubber reported in the literature vary 
vm 600 to 350,000 and higher. If the vapor pressure were sufficiently increased, 
ij maintained below the decomposition point of rubber, it seemed possible that 
the molecules. if small, might distil. To determine this, three distillations were 
attempted at 160° C for different periods, and with different temperatures at the 
condensing surface. In one experiment, which was conducted for about 100 hours, 
the condensing surface was chilled by liquid air. A thin transparent deposit, 
consisting of about 2 mg, appeared on the condensing surface. It was feebly 
extensible and did not recover completely when deformed. Its physical proper- 
ties more nearly resembled rubber than those of other distillates. In a second 
experiment lasting 250 hours, solid carbon dioxide and acetone were used in the 
condenser, and in a third one, which was continuous during 140 days, the con- 
densing medium was tap water at about 10° C. It was difficult to remove oxygen 
from the specimens of rubber which were used. Consequently, the distillates in 
these experiments were oxidized, at least in part. The distillation products, one 
of which amounted to about 20 mg, were hard, transparent, and insoluble in 
ordinary solvents of rubber. In the third experiment the distillate amounted to 
about 20 mg and showed an iodine number of 328 as compared with 370 for the 
original purified rubber, indicating that oxidation or cyclization or both may have 
taken place. 
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I. INTRODUCTION 


Some investigators believe that rubber consists of associated mole- 
cules, and others accept Staudinger’s view that long-chain molecules 
are formed by polymerization. Pummerer, Andriessen, and Giindel 
i]? have obtained a molecular weight as low as 600. Meyer and 
Mark [2] believe that it is approximately 5,000, although they calcu- 
lated on the basis of osmotic pressures, values as high as 350,000. 

They, as well as Pummerer, consider that rubber is an associated 
colloid and that high molecular weights are caused by aggregates, 
sometimes called micelles. Staudinger [3], however, considers that 
the long-chain rubber molecule itself has a molecular weight of 200,000 
or even 350,000, and that products with lower values, which may be 
formed in rubber, result from degradation. 

If the molecules are small it might be possible to distil them, if 
their vapor pressure could be sufficiently increased, but none would 
distil without decomposition if the molecules are very large. Because 
the vapor pressure of rubber below its decomposition temperature is 
low, it appeared of interest to attempt to distil the material in a 
1 Present address, Milltown, N. J. 


' Figures in brackets indicate literature references at the end of this paper. 599 
o2 





530 Journal of Research of the National Bureau of Standards 


molecular still. Paraffin wax and sugar, both substances of rel; ativel 
high molecular weight, have been successfully distilled in this typ ; 
apparatus [4]. 5g 

Subsequent to the work described in this paper, the molecular weijo), 
of sol rubber prepared at this Bureau was determined by J, ( 
Kraemer and J. D. Lansing [5] of E. I. du Pont de Nemours ey 
Inc. They used the Svedberg method of sedimentation equilibrium jn 
an ultracentrifuge with ethero, al 
solutions of sol rubber. The ten. 
- perature of the solutions during 

determinations was approximately 

10° C, and an average value ¢ 
460,000 was obtained. There wa; 
evidence of a mixture of molec, 
species. 








II. APPARATUS 


The stills, used in the attempt ty 
distil rubber, consisted essentially 
of Pyrex Dewar flasks to which 
side-tubes were sealed that con. 
nected the flask to a merewy 
pump and its auxiliary equipmen 
The distance between the distill: 
ing and condensing glass surfaces 
was about 7 mm, and the area o! 
the distilling surface was approxi- 
mately 60 cm*. The still was 
connected to a pumping systei 
equipped with a suitable trap 
condense mercury vapor, and ¢! 
apparatus was thoroughly evacu- 
ated before a distillation was 
attempted. When distillation ex- 
tended over many weeks continu- 
ously, an automatic control was necessary, and between the still and 
the trap there was a device to isolate the high-vacuum system whe 
the mercury pump or its condenser ceased to function. When either 
event occurred, a column of mercury automatically rose, effectively 
sealed the still, and maintained the low pressure within it. Simul 
taneously, a bell began to ring as a warning of trouble. 

The equipment is illustrated in figures 1 to 4. The mercury cut 
is shown in figure 1. The length of the tube must be properly adjusted 
so that the mercury in B will rise to close the inner tube m C’ whe! 
it responds to atmospheric pressure. In figure 2, tube B is an extension 
of its union with the mercury well of the cutoff. A Pyrex rod was 
welded to the stopper of stopcock C. In the closed position, the stoppet 
was supported by a string over the pins, as shown in the diagram. Th 
string ended in a loop which was held at D by the catch at C. The 
catch, which resembles that on a common type of mousetrap, Ww: 
opened when a current flowed through the electromagnet. The bntje ¢ 
was operated by dry cells. When the catch was opened, the string w# 
free to move, and was drawn away by a 200-¢ weight. The ca pillar ry 
shown at A in figure 2 prevented any surging of the mercury. AtE 


























Figure 1. 
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Wing 3 
are shown. the contact points of a relay which closed when the heater 
wurrent to the pump was interrupted. 
Figure 3 is a diagram of a switch, operated by water flowing to the 
F ondenser. The circuit to the electric heater of the pump was com- 
pleted through tungsten contacts and mercury. The pressure of water 
passing through the tube, AB, to the condenser of the pump caused 
the mercury to rise and make contact. Two screw clamps at A and 
Bregulated the speed and the head of the flow of water. In operation, 
the pressure head was so adjusted that the mercury stood well above 
the upper contact with water flowing, and well below when the flow 
of water stopped entirely. The position of the upper surface of the 
mercury was so adjusted that small fluctuations of the waterhead in 
the mains did not open the contact. 
A wiring diagram is shown in figure 4. The resistance, R, was 
sufficient to keep the relay, /, open, when the heater current was 
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flowing. For a heater drawing about 2 amperes at 110 volts, 5 or 6 
inches of No. 26 Nichrome wire was used. Since the relay contacts at 
E were open When current was flowing through the relay magnet, any 
| interruption of the current caused them to close, and completed the 
cireult to the trip of the mercury cutoff. If the heater current was 
stopped, the relay current also stopped, and in this case also the trip 
of the mereury cutoff responded. 


III. EXPERIMENTAL RESULTS 


Pure sol rubber hydrocarbon, prepared as described in a previous 
publication [6], was used in all of the experiments. Since the sol 
fraction is more mobile than the gel, it seemed probable that its 
molecules would become detached with greater ease. A solution of the 
rubber hydrocarbon in ether, saturated with nitrogen, was introduced 
id carefully spread over the distilling surface. The ether was 
removed at low pressure. The pressure maintained during distillation 
was too low to be measured by a McLeod gage, since the so-called 
“cick” vacuum was obtained. Experiments with temperatur 

between 100° and 150° C around the distilling surface produced no 
distillate. At 160°, after a few days, a faint deposit was observed 

139015—-39—~—4 





532 Journal of Research of the National Bureau of Standards 


Vol. a9 


on the condenser by using a suitable lens, and in subsequent exper; 
ments this temperature was maintained by a heating coil. ie 

Three distillations were performed for different periods and yj) 
different temperatures in the condenser. During the first experimey; 
the condensing surface was chilled by liquid air. Distillation was co), 
ducted each day for about 8 hours for a total period of 100 hours, ; 

The outer wall of th 
still was removed, and t)y 
condensing surface wag 
washed with acetone, By 
using a hand lens, a very 
thin layer of transparent 
material, estimated to he 
not more than 2 mg, was 
visible on the condensing 
surface. A little was r.- 
moved on the end of 
glass rod and momentarily 
heated. There was a char. 
acteristic odor of burning 
rubber. The deposit was 
feebly extensible but did 
not recover completely 
when deformed. Its phys. 
ical properties were more 
like those of the rubber 

rowan 3. from which it had been 

distilled than the proper. 

ties of distillates obtained in any later experiments. Rubber of low 
molecular weight may have been distilled in this instance. 

An earlier note [7] stated that this Bureau had succeeded in distilling 
purified rubber without decomposition by heating it in a high vacuum 
to the temperature of boiling water. This statement was based o1 
the results of this experiment. However, the temperature of distilla- 
tion was not that of boiling water, but 160° C. On the basis of this 
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statement, Lens [8] attempted a similar distillation with crude rubber, 
His experiments failed entirely, however, and probably the tem- 
perature of distillation was 100° C and consequently too low. 

For the second experiment, solid carbon dioxide and acetone were 
used in the condenser, which was maintained at approximately 
—78°C. Distillation was conducted only during the day for a total 
operating period of about 250 hours. When the still was opened 
there was an odor of levulinic aldehyde, and when a portion of the 
undistilled rubber was placed in a hot solution of ammonium acetate, 
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the vapors of the latter gave a positive pyrrol test with a pine shaving 
which had been moistened with hydrochloric acid. [9] Levulinic 
vienvde is an oxidation product of rubber that responds to the 
pyrrol test. The thin layer of distillate was transparent, hard, and 
insoluble in carbon disulfide. There was about 5 mg of distillate. 

A third experiment was conducted with tap water in the condenser. 
The distillation was continuous over 140 days, and during most of the 
period the temperature of the tap water varied from 8° to 10°C. At 
ihe end of the experiment, the residue of undistilled rubber was 
clear, almost colorless, and recovered slowly when deformed. The 
material deposited on the condenser, amounting to not more than 
o) mz, was Visible without a lens. It had collected in droplets, was 
transparent, and was hard, and not extensible or plastic. There was a 
marked odor of levulinic aldehyde in the distillate and in the undis- 
tilled residue. The distillate was insoluble in ether, benzene, chloro- 
form, ethyl acetate, alcohol, and acetone. Enough of it was scraped 
from the condenser for a determination of its iodine number by the 
Kemp-Wijs method [10], but with a dilute solution of iodine. Al- 
though the material was insoluble in carbon disulfide, it swelled 
| sufficiently to permit penetration by the iodine solution. The end 
F point was definite. A value of 328 was obtained. The iodine number 
of purified rubber, determined by the same procedure, was 370. The 
degree of unsaturation of a cyclic rubber, which was made by incor- 
porating sulfonic acids and heating to 140° C, has been reported as 
55 to 65 percent of that of the rubber hydrocarbon [11]. 

Marked oxidation bad undoubtedly occurred during the second and 
third experiments. The original ethereal solution, though saturated 

nitrogen before it was introduced into the still, was exposed to 
air during the process. It was hoped that any oxygen dissolved in 
the rubber as a result of this exposure would be removed at thelow 
pressure used, but apparently some was retained. Furthermore, 
eyclic rubber may have slowly formed at 160° C, and may have 
distilled. In the second and third experiments, the marked difference 
in the physical characteristics of the distillate which had been main- 
tained at 10° C, and that of the undistilled rubber which had been 
heated to 160° C, suggests this possibility. Rubber has a marked 
tendency to form eyclic compounds, and Kirchhof has shown that they 
are produced at 200° C, 
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BASE-COMBINING CAPACITY OF WOOL 
By Milton Harris and Henry A. Rutherford ! 


ABSTRACT 


»wn that the failure of wool to reach equilibrium with alkaline solutions 

« conditions of titration experiments is due to the reaction of base with 

fide groups of the eystine. The results indicate that the extent of this 

tion ean be determined. The data also afford confirmation of the earlier 

rvation that the alkali degradation of the cystine in wool involves the loss of 
ne sulfur atom from each cystine residue. 

e apparent base-combining capacity increases with increasing duration of 
ntact of wool with alkali and with increasing temperature, but the intrinsic 
hase-combining capacity, obtained by making corrections for the dissolved protein 

d for the base bound by the sulfhydryl groups, becomes constant after approxi- 
ma 2 hours. The most consistent data are obtained at a low temperature, 
where, it appears, secondary reactions are greatly inhibited. 

etermination of the amount of base absorbed from solutions of various con- 
trations indicates that a limiting amount of about 0.7 millimole per gram of 
| is reached above concentrations of about 0.2 N sodium hydroxide. Because 
screpancies in the data obtained at concentrations greater than 0.3 N, it is 
ted that this value be considered for the present as tentative. 
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I. INTRODUCTION 


Many properties of wool are intimately related to the number of 
acidic and basic groups which it contains. Because of the stability 
| of wool in acid solutions, few difficulties are encountered in determining 

the acid-combining capacity, which apparently reaches a maximum of 
about 0.80 millimole per gram of wool at about pH 1 [1].? In the 
ulkaline region, however, there has been no indication of a maximum 
base-combining capacity or of a stoichiometric end point, and as a 
result, very little knowledge concerning the number of acidic groups 
in wool can be deduced from published titration data. 

The results of recent investigations by Crowder and Harris [2] on 
the nature of the degradation of wool protein in alkaline solutions 


irch Associates at the National Bureau of Standards, representing the Textile Foundation. 
eures In brackets indicate the literature references at the end of this paper. 
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suggested that the chief difficulty in determining the base-combjy; 
capacity arises from the fact that the alkali reacts not only wit) 
free acidic groups, but also with the disulfide groups of the cystine j 
the protein. It appears that the primary process in the cleavage |, 
alkali of the disulfide linkage consists in a hydrolytic rupture wit) ¢ 
formation of a sulfhydryl compound and a sulfenic acid. T — top 
is unstable in alkaline solution and immediately loses hydrogen syi\;\, 
The general scheme is given in the equations 


RCH,—S—S—CH2R+2Na0H—RCH,SNa+ RCH,SONa+H,0 
RCH,SONa—RCHO-+ NaHS 


The sulfhydryl and the sulfenic compounds, formed according to » 
1, are both acidic, and accordingly, 2 moles of base are taken up in ti 
cleavage of each disulfide group. How ever, 1 mole is liberated in | 
breakdown of the sulfenic acid, as shown in eq 2. If the above mech. 
anism is correct, the amount of inorganic sulfide sulfur (NafJs 
formed during treatment of wool with a basic solution should be , 
measure not only of the number of disulfide groups hydrolyzed }y; 
also of the amount of base taken up by the sulfhydryl] group formed 
in the wool. 

The purpose of the present investigation was to study the absorp. 
tion of base by wool from the viewpoint of the above hypothesis 
It was intended that these studies form a background for the inyes. 
tigation of the basic portion of the complete titration curves. 


II. EXPERIMENTAL PROCEDURE 
1. MATERIALS 


1 


It has been demonstrated in this laboratory and elsewhere [3] that 
the disulfide group of the cystine in wool is readily attacked by lig! 
Since it was necessary to know the number of disulfide groups whic! 
were split during the alkali treatment of the wool, considerable care 
was exercised in choosing suitable samples for these measurements, 
Obviously, it was particularly desirable to have the bulk of the sulfur 
in the form of intact disulfide groups. 

Two types of materials were used in these experiments, namely, 
raw-wool fibers and a specially prepared wool yarn. The former were 
divided into three approximately equal sections, which were desig: 
nated as the root, middle, and tip portions of the fiber. Each portion 
was purified by extraction with alcohol and ether and finally waslie 
with distilled water. The analyses given in table 1 show that both 
the sulfur and cystine contents decrease from the root to the tip of 
the fiber, but that only in the tip portion has an appreciable amount 
of the cystine been destroyed. . 

The yarn was prepared from raw wool which had been extracted 
with Stoddard solvent and washed with water. It was further pw 
fied as described above. Determination of the total sulfur and cystine 
contents showed that 97 percent of the former could be accounted for 
as cystine sulfur, thus indicating that very little photochemical 
deterioration had occurred. The data reported in this work were 
obtained on root wool or yarn. 
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Sulfur and cystine contents of the root, middle, and tip portions of 


TaBLeE 1. 
ee wool fibers 





Cystine Total sul- 
Total fur as 
sulphur | cystine 

Found Calculated! sulfur 





Sample 





% % % % 

3.4 12.6 12.9 97 

3. 3: 11.8 11.9 95 
1 9.9 10. 4 85 














l sulfur, assutning that the destruction of each molecule of cystine involves the loss 
2. METHODS 


The complete experimental procedure was as follows. Samples of 
yool weighing approximately 1 g were dried in an oven at 105° C, 
After each sample was dried and weighed it was treated with 50 ml 
of a sodium-hydroxide solution at 0° to 2° C (air bath) or 22°C. At 
the end of a given time, the supernatant liquor was poured off. 
{ 5-ml aliquot was taken for nitrogen analysis, a 20-ml aliquot for 
inorganic sulfide sulfur analysis, and a 20-ml aliquot for volumetric 
titration with hydrochloric ac id, using methyl red as the indicator. 
In some of the experiments, an excess of a cold solution of 0.1 N 
hydrochloric acid was immediately added to the residual wool to 
prevent further degradation of the fibers. The fibers were allowed 
to remain in the acid for 1 day and were then washed for 4 days in 
running distilled water. Finally, the cystine content of each sample 
was determined. 

Nitrogen was determined by the micro-Kjeldahl method, total 
sulfur by the oxygen-bomb [4], and cystine by the Sullivan method 
(5). In the latter determination, the wool was hydrolyzed with 
hydrochlorie-formic acid mixture, as described by Miller and du Vig- 
neaud [6], and the color measured by the method described by Harris 
and Smith [7]. 

The inorganic sulfide sulfur was determined by the following 
| procedure. An excess of bromine was immediately added* to the 
‘solution. The mixture was allowed to stand for several minutes, then 
F acidified with hydrochloric acid, and finally warmed on a steam bath 
until free from bromine. The sulfate was precipitated as the barium 
salt and determined in the usual manner. 

The apparent base-combining capacity is the value obtained directly 
from the measurement of the total amount of sodium hydroxide 
removed from the solution by the wool. The intrinsic base-com- 
bining capacity is the amount of base bound by the free acidic groups 
of the nondegraded wool. To obtain this, two corrections must be 
invoduced. One of these is small, but the other will be shown to be 
very important. 

The first correction, which is the less important, results from the 
conversion of a portion of the original wool into a soluble form during 
the treatment with alkali. Since methyl red was used as the indi- 
cator, the base bound by the dissolved material is neutralized during 
the titration, In order to correct tor this effect and to obtain only the 
absorption by the insoluble portion of wool, it is necessary to sub- 
GRE 


‘Sulfur in wool or in cystine is not oxidized to sulfate under these conditions. 
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tract the weight of the soluble fraction from the original wej ight of 
untreated material. The former is readily calculated from Yr nit 
gen in the solution, since it has previously been shown [8] that 
loss of nitrogen from wool during alkaline treatment is proportioy 
to the loss in weight of the wool. . 

The second correction is for the base bound by sulfhydryl] groyys 
formed in the degradation of the disulfide groups of the c ystine accor 
ing to eq 1 and 2. The amount of base taken up as a result of thes: 
reactions is calculated from the inorganic sulfide sulfir whieh | 
gone into solution. 


III. RESULTS AND DISCUSSION 
1. EFFECT OF SODIUM HYDROXIDE ON THE CYSTINE IN woo, 


The mechanism suggested [2] for the alkali degradation of the cysting 
in wool involves the loss of only one sulfur atom for each disulfide 
group. In order to further test this hypothesis, a series of wo9| 
samples was treated with a 0.1 N solution of sodium hydroxide fo; 
different lengths of time at 0° to 2° C and at 22° C, the solutions ang 
wool being handled as previously described. The effect of the treat. 
ment on the cystine is shown in table 2. Good agreement was }. 
tained between the experimentally determined cystine values ; 
those calculated from the loss in sulfur. Appreciable discrepancie 
occurred only in the experiments in which the wool was severely 
degraded by prolonged contact with the alkali. 


2. ABSORPTION OF ALKALI AS A FUNCTION OF TIME 


The time necessary to attain equilibrium was determined by measur. 
ing the absorption of base from 0.1 N solutions of sodium hydroxi¢ 
The data given in tables 3 and 4 were obtained at 0° to 2° C and at 


22° C, respectively. 


TABLE 2.—Degradation of cystine in wool by 0.1 N solutions of sodium hydro 
at 0° to 2° C and at 22° Casa function of time 





| 0° to 2° C | 22° C 





Time Inorganic Cystine Inorganic Cystine 
sulfide aaa sulfide 
sulfur in | sulfur in 
solution Cale.! Expt. solution 








mg/gm of mg/gm of 


100001 | 


> « 








= roe orm 


= Oro 























! These values were calculated on the basis that each atom of inorganic sulfide sulfur found {n solutio 
represented the destruction of a molecule of cystine. 
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Absorption of base from 0.1 N solutions of sodium hydroxide at 0° to 
2° Casa function of time 








Base-combin-| Base bound 
Apparent ing capacity | by sulfhydry] 
base-combin- | corrected for |groups formed 
ing capacity dissolved according to 
protein eq land 2 


Intrinsic 
base-combin- 
ing capacity 

(4—5) 


Inorganic 
sulfide 
sulfur in 
solution 


Nitrogen 
in solu- 
tion 





Millimoles/ | Millimoles/ | Millimoles/ | Millimoles/ 
mg/gm} mg/gm gm gm ™ 

0. 52 0. 44 0. 50 id 0.014 

. 54 . 40 . 56 a .013 

Re {| - 46 . 57 ; .014 

93 . 50 .58 . 5 .016 

. 92 . 62 . 58 . .019 





. 20 71 . 59 ° . 022 
. 42 . 82 . 60 ° . 026 
. 56 . 98 . 60 . . O31 
94 14 61 . 6 . 036 
2. 61 2.4 . 63 ° O71 


3. 70 3. 8! . 68 of . 120 
4. 57 ‘ 72 Pa . 188 
5. 47 i 85 . 8 . 293 























alues in this table are in terms of grams of dry wool. 


: 4.— Absorption of base by wool from 0.1 N solutions of sodium hydroxide at 
22° Cas a function of time 








Base-combin-| Base bound 
Apparent ing capacity {hy sulfhydry! ae 
hase-combin-| corrected for |groups form ed a 
ing capacity dissolved according to “(4 Pe) - 

protein eq l and 2 : 


Inorganic Intrinsic 
sulfide 
sulfur in 


solution 


Nitrogen 
in sola- 
tion 





Millimoles/ | Millimoles/ Millimoles/ Nillimoles/ 
mg/gm} i gm gm gm gm 
05 . 0. 54 0. 54 0. 034 0. 51 
86 ¢ . 61 6 . 047 . 57 
31 2. . 59 ; . 069 . 53 
91 2.7 . 61 . 6: . O84 . 54 
66 3.8 . 63 . 6 -119 ‘ 


. 64 . . 157 
.70 yb . 193 
.74 : . 293 
. 80 . . 378 
. 94 5 . 438 


Nee wrpee 
< 23 000 























‘All values in this table are in terms of grams of dry wool. 


Figure 1 shows that at 0° to 2° C the apparent base-combining 
capacity increased with increasing time of treatment, whereas the 
intrinsic base-combining capacity became constant after about 2 hours. 
The former arose, as shown in column 5 of table 3, from the combina- 
tion of the base with sulfhydryl groups which were continuously 
formed in the degradation of the cystine. The amount of base which 
reacted in this manner increased with increasing time of treatment. 
After 240 hours, the correction amounted to 35 percent of the ap- 
parent value. On the other hand, the correction for the dissolved 
protein was negligible up to 5 hours and amounted to only 0.03 milli- 
mole per gram of wool after 240 hours. The constancy of the cor- 
rected values is shown in column 6 and indicates the absence of 
appreciable secondary reactions, 
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The intrinsic base-combining capacities obtained at 22° ¢ ,, 
shown in table 4, appear to be somewhat lower and considerably mor 
erratic than those obtained at 0° to 2° C. This may be attribyte, 
to several factors. The rate of degradation as indicated by the 
amount of dissolved nitrogen (column 1, tables 3 and 4) was nyc 
greater at the higher temperature; for example, approximately ¢j, 
same amount of degradation occurred in 3% hours at 22° C as occurred 
in 48 hours at 0° to 2°C. It was also noticed that the reproducibjlity 
of the titrations decreased as the amount of degradation increase 
The chief difficulty appeared to result from the effect of the dissolyej 
protein on the sharpness of the end point. Finally, an error was int. 
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Figure 1.—Rate of absorption of base from 0.1 N solutions of sodium hydrovide 

0° to e° C. 


duced, since some sulfhydryl groups were probably present in the 
dissolved protein. The base bound by these groups was neutralized 
on addition of acid, and since the data in column 5 were calculated on 
the assumption that all of the sulfhydryl groups formed according to 
eq 1 and 2 bind base, these values may be too large. In the case of 
the low-temperature experiments, and especially for the shorter pe- 
riods of time, this error 1s shown to be negligible (table 3). However, 
at 22° C the amount of protein which goes into solution may contain 4 
sufficient number of sulfhydryl groups to account for a large portion 
of the discrepancy between the values obtained at this temperature 
and those obtained at 0° to 2° C. 


3. ABSORPTION OF BASE FROM SOLUTIONS OF VARIOUS 
CONCENTRATIONS 


The effect of varying the concentration of base is shown in figure®, 
The absorptions were measured at 0° to 2° C, 2 hours being allowed 
to attain equilibrium. That equilibrium was reached under thes 
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‘ onditions in the most dilute and most concentrated solutions used 
yas indicated by measurements made after 2 and 20 hours. 
Fach point represents the average of four determinations. Good 
F soreement between the individual determinations for each concentra- 
oes of alkali up to about 0.3 N was obtained. Above that concen- 
tration, there was considerable variation, as indicated by the dotted 
jines perpendicular to the lower curve, which show the spread of the 
values obtained. The discrepancies may have resulted from second- 
F ory reactions which occurred in the strongly alkaline solutions, or from 
‘sje small temperature variations in the air bath used in this work. 
The amount of base combined changes very little when the concen- 
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Figure 2.—Absorption of base from solutions of various concentrations. 


he broken vertical lines indicate the maxirmum variations in the values obtained. 


tration of base exceeds 0.2 N and appears to approach a limiting value 
| of about 0.70 millimole of base per gram of wool. 


IV. CONCLUSIONS 


| The results of the present study show that the failure of wool ‘ to 
‘reach equilibrium with alkaline solutions under the conditions of 
Futration experiments is due to the reaction of base with disulfide 
groups of the cystine. It is demonstrated that the extent of this re- 
F «ction can be determined. 
The data afford confirmation of the earlier observation [2] that the 
) kal degradation of the cystine in wool involves the loss of only one 
Fsuiur atom from each cystine molecule. The remaining sulfur is 
' apparently present in the form of sulfhydryl groups. On the basis 


‘This demonstrably applies to other cystine-containing proteins. 
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of this mechanism, it is possible to calculate the amount of base + 
up in the degradation of the disulfide groups. 

The apparent base-combining capacity increases with incregsip, 
duration of the contact of wool with alkali and with ine reasing temp, : ‘ 
ture of the alkaline solutions, but the intrinsic base-combining eqy9o. 
ity, obtained by making corrections for the dissolved protein anq (- 
the base bound by the sulfhydryl groups, becomes constant 9! 
approximately 2 hours. The results show that the more consisio 
data are obtained at the lower temperature where, it appears, secon. 
ary reactions are greatly inhibited. . 

Determination of the amount of base absorbed from gol tions of f 
various concentrations indicates that a limiting amount of abo 
0.7 millimole per gram of wool is reached above concentr: itions of 
about 0.2 N sodium hydroxide. Since some discrep: ne ies occur in the 
data obtained at high concentrations of alkali, and since the possibli 
influence of the naturally occurring ash has not been considered. jt 
is suggested that this value be considered for the present as tentative! 
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§ Further work, in which experiments are being rrade in a water thermostat whict 
0.02° C, isnow in progress. The effect of the ash is also being studied. For these reasor 
sto ichiometry of the reaction of base with the free acidic groups in wool is not presented at this t 
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TOGGLE CLAMP FOR RUBBER TENSILE SPECIMENS 
By William L. Holt and Archibald T. McPherson 


ABSTRACT 


The new toggle clamp is an adaptation of the familiar wedge grips used for 
metal specimens, and consists essentially of parallel blocks, each carried on two 
short links in such a way that a rubber specimen placed between the blocks is 
gripped more tightly the greater the pull. The clamp was designed primarily for 
tubular specimens of electrical insulation, but is equally applicable to specimens in 
the form of strips or dumbbells. Insulation from No. 14 Performite wire tested 
with the new clamp showed values of the tensile strength approximately 20 percent 
higher and ultimate elongation 10 percent higher than with the roll clamp. Insula- 
tion from ignition cable having a wall 0.1 inch in thickness showed a tensile 
strength 50 percent higher and an ultimate elongation 18 percent higher with the 
toggle than with aroll clamp. ‘Tubular or strip specimens tested with the toggle 
clamp gave values of the tensile strength of the order of only 5 percent lower than 
obtained with dumbbells of the same composition. Specimens breaking in the 
clamps, Whether roll or toggle, gave a symmetrical distribution of values about the 
' mode, while those breaking between the clamps showed a skew distribution. The 
coefficient of variation did not vary significantly with the type of clamp or shape of 
specimen, the numerical values ranging from 0.043 to 0.060 for tensile strength 
' and from 0.017 to 0.035 for ultimate elongation. 


CONTENTS 
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II. Description of clamp 
ds ROD UR TCR er ee ae ee eens ce he a ee Ek f 
1. Tests of No. 14 Performite insulation 
2. Tests of insulation from ignition cable 
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1. Comparison of roll and toggle clamps for tubular specimens- --- 
2. Comparison of strip and tube, with dumbbell specimens_- - -- -_- 5 
3. Significance of the position of break 
4. Coefficient of variation - - - 
Y, Summary and conclusion 


I. INTRODUCTION 


One of the major problems in the tensile testing of rubber has to do 
with the application of uniform stress to the cross section of the speci- 
men. While the definition of tensile strength stipulates that the stress 
shall be uniform, this condition is never fully realized in practice on 
account of localized stresses set up in attaching the specimens to the 
testing machine. Two general means are used to minimize these 
local stresses and secure a reasonably uniform tensile stress in the por- 
tion of the specimen under observation. One is by the use of test 
pieces having enlarged ends, such as the familiar dumbbell specimen, 
and the other is by the employment of clamps which distribute the 
clamping stresses over an area of the test piece which is relatively large 
iIncomparison to the cross section. 

543 
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The lack of uniform stress distribution in the case of the dumb: 
shown by the fact that such specimens break most frequently jy, 
curved portion just outside the gage marks, where the cross sectio 
somewhat greater than in the central constricted portion.’ This oe, 
centration of stresses in the fillet is readily demonstrated by photo. 
elastic observations on transparent specimens. ; 

When specimens of uniform cross section, such as insulation, , 
tubing, are tested with the usual clamp of the roll type, failure pee 
most frequently in the “bite,” and the values obtained for the tensi, 
strength and the ultimate elongation may }y 
considerably lower than those found fry» 
dumbbell specimens of the same composition, 

In order to obtain more satisfactory resi}; 
with tubular specimens, the Simplex Wir 
and Cable Co. has developed a clamp! 
similar to the familiar wedge grips for mets] 
specimens. As shown in figure 1, it consists 
of wedges which slide against surfaces incline 
at such an angle that the faces of the wedos 
are parallel. The test piece is, therefor 
gripped so as to distribute the clamping 
stresses over a relatively large area. 


TEST PIECE } WEDGE JAWS II. DESCRIPTION OF CLAMP 


The present clamp, which is shown iy 
figure 2, was developed from the Simplex 
clamp, and differs from it essentially in that 
each of the two blocks which grip the speci. 
men is carried on two short links or toggle 
levers. These links, which are 2 inches long 
are bronze castings and are mounted by 
means of one-half inch pins on a %{6-ineh stee! 
base plate. The faces of the clamping 
blocks are % inch wide and 1% inches long 
with top and bottom edges rounded. Guides 
in the back of the blocks keep them in tlic 
proper juxtaposition at all times. Liglit 
springs tend to keep the clamps in the closed 
position. 

Advantages of this clamp over the Simplex clamp are its adaptabilit) 
to a greater range of sizes of specimens, and the facility with which 
specimens can be inserted and removed. 


























FigurRE 1.—Simplez 
wedge clamps. 


III. RESULTS OF TESTS 


Since the clamps were intended primarily for rubber insulation, 
they were tried out with specimens from about a dozen different sizes 
and types of wire and cable. The clamps appeared to be equal) 
satisfactory for sizes ranging from No. 18 to No. 6, American Wie 
Gage, and for compositions from “latex’’ rubber to ‘30-percent” ani 


1 Report of Physical Testing Committee, Ind, Eng. Chem, 17, 535 (1925). 
9 Private communication to the author. 
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Figure 2.—Toggle clamps mounted in tensile-test machine. 
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Figure 3.—foll clamps. 
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ide” compounds. The breaking loads observed ranged from 
hout 9 to 125 pounds. 2 
Hillicully was encountered only in the case of specimens having a 
, finish. These specimens sometimes slipped through the clamps. 
is difficulty could, in most cases, be remedied by wiping the speci- 
sons with a cloth moistened with acetone or simply by scrubbing them 
with pumice soap and water. 
\fore extensive tests were also made on two samples of insulation 
ju the purpose of comparing the new clamp with the usual clamp of 
he roll type. The satisfactory character of the results obtained with 
»bular specimens of insulation suggested the possibility of extending 
‘he use of the new clamps to specimens in the form of strips. Accord- 
oly, tests were made on strip specimens cut from sheet material, 
comparison being made with dumbbell specimens cut from the same 


W 
7 
i 


material. es 

In computing the results of tests, the standard deviation was found 
for all sets of determinations. The standard deviation is defined as 
“the square root of the mean of the squares of the deviations of all 
the observations,’ the deviation being “the difference between an 
observation and the mean of all the observations.”’ * 


1. TESTS OF NO. 14 PERFORMITE INSULATION 


A number of tests were conducted on insulation from No. 14 AWG 
Performite wire for the purpose of making a statistical comparison of 
the performance of the new clamp with that of a conventional roll 
camp. The latter was of the design shown in figure 3, and was pro- 
vided with a roll % inch in diameter. Approximately 120 tubular 
test pieces, each 6 inches long, were prepared from one continuous 
length of wire. Alternate specimens were taken for tests with the 
respective clamps in order to eliminate the effect of any variation 
along the length of the sample. The wall thickness of the insulation 
was nominally %, inch. The cross-sectional area of specimens was 
found from measurements of the diameter of the conductor and the 
external circumference of the insulated wire. The tensile measure- 
ments were made in the usual way by means of a Scott testing 
machine for rubber. 

The results are summarized in table 1 and are shown in the form of 
histograms in figure 4. Two salient differences between the results 
obtained with the respective clamps are evident from the histograms. 
ln the first place, the values for the tensile strength and the ultimate 
elongation obtained with the toggle clamp are significantly higher 
tlan those obtained with the roll clamp. In the second place, the 
values obtained with the roll clamp are symmetrically distributed 
about the mode (the value of most frequent occurrence), while those 
obtained with the toggle clamp give rise to a skew-shaped distribution 
curve with a larger range of values below the mode than beyond it. 

All of the specimens tested with the roll clamp broke in the “bite” 
between the roll and the base plate. In the case of the toggle clamp 
however, 9 specimens broke in the clamp and 50 in the “clear.” Of 
the latter, 35 breaks were between the gage marks and 15 were in the 


—————— 
Ps E. 8, Pearson, The Application of Statistical Methods to Industrial Standardization and Quality 
vontrol, p, 109, British Standards Institution, London (1935). 
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lengths between the gage marks and the clamps. The results yu, 
classified according to the position of break and analyzed ; 


as s| how, 


in table 2. The differences between the three groups are not |, 
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Figure 4.—Histograms of tensile properties of insulation from No. 14 Performity 
wire. 
enough to be significant. The matter will be discussed subsequent ly 
in connection with comparable observations on other samples. 
TABLE 1.—Comparative tests of No. 14 Pirformite insulation with toggle and with — 
roll clamp 
Tensile Strength Ultimate Elongation 
Measurement ~ 
| 
Toggle clamp Rollclamp j|Toggleclamp| Roll clamy 
lbjin.2 lb/in.2 
1, 790 to 2,300 | 1, 460 to 2, 010 
2, 137 1, 788 
117 95 
TABLE 2.—Relation between position of break and tensile properties of No. 14 
Performite insulation tested as tubular specimens with toggle clamp 
Position of break 
Within gage | Between clamps 
In clamps marks . and gage marks mee 
Number of specimens 35 i " Th 
Tensile strength (lb/in.*): ae ie 
1,900 to 2,300 | 2, 190 to 2, 290 , 920 to 2,27 iy 
2, 130 2, 152 1 i i 
120 ata 
DTA 
423 to 465 415 to 470 the ¢ 
a 7 se men 
C lam 
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2. TESTS OF INSULATION FROM IGNITION CABLE 


{nother series of comparative tests was made on samples of an 
inition ¢ able i in which the ratio of wall thickness of insulation to con- 
“ctor diameter was relatively large, the thickness of the wall being 
; pproximate ly 0.1 inch and the diameter of the conductor 0.035 inch. 
[ese dimensions were such that it was possible to prepare small 

mbbell specimens having a constricted portion ¥ inch in width. 
Four different lengths of the ignition cable were used, and were 
ovarded as different “samples. They were taken from different ship- 
ents furnished by the same manufacturer under Navy Department 
— ‘ation M-216b. Three lots of test pieces were prepared from 
each, sample—one lot of dumbbell specimens and two lots of tubular 
specimens, one for each of the two types of clamps. The tensile de- 
yminations were made in the usual way. A Scott testing machine 
was ‘as employed for the tubular specimens, but it was necessary to use a 
:pring-balance machine of lower range for the dumbbell specimens, since 
the latter had a relatively small cross section. Roll clamps were used 

r the dumbbell specimens, but the type of clamp was not a matter of 
cor nseque nce in this case,since none of the dumbbells broke in the clamp. 


Effect of type of clamp and test piece on tensile properties of the insulation 
of 4 samples of ignition cable 


TENSILE STRENGTH 


| 


Measurement 





lamp | Sample 1 Sample 2 Sample 3 Sample 4 








lb/in.? lb/in.? lb/in.? lb/in.2 


530 


2, 830 to 3, 310) 
2, 860 to 3, 430] 
2, 000 to 2, 460} 


3, 220 to 3, 750 
3, 070 to 3, 300 


2, 960 to 3, 
2, 430 to 3, 
1, 480 to 2, 


260 
105 


3, 090 to 3, 730 
3, 100 to 3, 390 
1, 515 to 2, 320}... 





2, 050 to 2, 650 
3, 130: 573 
3, 220 
2, 227 


141 


3, 224 3, 458 
2, 880 3, 258) 
, 845 1, 900) 


Standard 136 186} 
viation, 
244 
184 

















135 7: 
138 15 


72 
237 





ULTIMATE ELONGATION 


oO. oF O7. oF | 
oO /0 /O c | 
580 to 620) 175 to 610} 560 to 610) 560 to 620 
590 to 640 605 to 620 550 to 620} 605 to 635 
510 to 565 510 to 560 465 to 534 455 to 535) 
604 602 586 | 

621 612 593) 

537 545 501 


10 10 10} 





1___| Standard 
viation, } 
.do 12 5 21) 
_do.- 16 13 20] 














¢ of clamp used with the dumbbell specimens is not significant since none of the specimens broke 


from 13 to 20 specimens in each group of which the range is given. 


The results of tests on the four samples of ignition cable are shown 
intable 3 Values for the tensile strength and ‘the ultimate elongation 

dtained from tubular specimens tested with the toggle clamp are of 
the same order of magnitude as those obtained with ‘dumbbell speci- 
mens, while values obtained with the tubular specimens in the roll 
camp are much lower. 


139015—39——_5 
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In the case of sample 1, the tensile strength obtained with dump) 
specimens was a little lower than that obtained with tubular spi rs 
mens in the toggle clamp, while in the other three cases it was a |i), 
higher. The elongation, however, was slightly higher for al| samples 
when tested in the tubular form with the toggle clamp than who, 
tested as dumbbells. ii 


3. TESTS OF FLAT SHEETS 
Further information regarding the relation between dumbbell gy, 


straight specimens was obtained by a series of tests in which a eon. 
parison was made between strips and dumbbells cut from the say 
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TENSILE STRENGTH- LB/SQ IN. ELONGATION - PERCENT 


FicurE 5.—Histograms of tensile properties of strip and dumbbell specimens cut 
from sheets of a carbon-black compound. 


press-cured sheets. The rubber compound used for this work was 
vade according to the following formula: 
Parts by 
Ingredient weight 
Smoked sheet rubber 100 
Sulfur 3 
Zine oxide 
Stearic acid 
Carbon black (‘‘soft’’) 
Mercaptobenzothiazole 
Phenyl-beta-naphthylamine 


154 


Sheets 0.060 to 0.080 inch in thickness were cured for 35 minutes at 
259° F. The strips were 6 inches long and 1/4 inch wide, while the 
dumbbells were the same length and 1/4 inch wide in the constricted 
portion and 1 inch wide at the ends. Sixty test pieces of each type 
were prepared, being cut in approximately equal numbers from each 
test sheet so as to minimize the effect of any variation from one sheet 
to another. 

The results of tensile tests are summarized in table 4, and are shown 
in histograms in figure 5. Both the tensile strength and the ultimate 
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don ' gation obtaine “d with the dumbbell specimens were slightly higner 


TapLE 4.—Comparative tests of strip and dumbbell specimens from flat sheets 








Tensile strength 


Dumbbell spec- | Strip specimen 
imen - (with toggle 





Ultimate elongation 
Measurement Strip speci- 


| men (with 
toggle clamp) 


Dumbbell 


specime 
clamp) pecimen 











0 
3, 520 to 4,660 | 3, 460 to 4, 460 690 to 780 
4, 190 | 3, O85 733 

253 | 213 18 

| 


670 to 750 
pe 








| 
lb/in.a a lb/in.’ % | 





The tests with each type of specimen were classified according to 
the position of break, as shown in table 5. In the case of the dumb- 
bell specimens, 19 broke between the gage marks and 42 in the fillet 
st outside the gage marks. Of the strip specimens, 25 broke 


between the clamps and 38 in the clamps. 


Relation between position of break and tensile properties of strip and 
dumbbell specimens 





Position of break 





Dumbbell specimens Strip specimens 





Outside 


Between gage In fillet 


marks 


clamps 


In clamps 





So 


ite elongation (%): 





19 


3, 830 to 4, 600 
4, 178 


227 


700 to 760 
733 
15 





42 


3, 520 to 4, 660 
4, 196 


265 


690 to 780 
733 
19 





OR 


“0 


3, 800 to 4, 370 


4, 055 
163 


680 to 740 
711 


14 





38 


3, 460 to - 460 


3, 939 
244 


670 to 750 
704 
15 





INTERPRETATION OF RESULTS 


1, COMPARISON OF ROLL AND TOGGLE CLAMPS FOR TUBULAR 
SPECIMENS 


The results of the tests of rubber insulation show that the toggle 


mps give significantly higher 


timate elongation than the usual roll clamps. 


Y) 
il 


values for the tensile strength and 


The comparisons 


ade in tables 1, 2, and 4 are shown on a percentage basis in table 6. 
the case of the insulation from the No. 


14 Performite wire, 
the toggle clamps gave a 20 percent higher 


value for 


the tensile 


‘rength and a 10 percent higher value for the ultimate elongation 
The thicker insulation from the ignition 


than did the roll clamp. 
‘able 6 showed a 50 percent greater tensile strength and an 


18 percent 


ter elongation when tested with the toggle clamp than with the 
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roll clamp. 


specimen. 


In the case of the roll clamp, the concentration of stresses jn 


The discrepancy between the two clamps, therefore 
not constant but appears to increase with the thickness of }) 


im) 


1s 


it 


+} 
ue 


clamp has a great deal to do with the rupture of the test specimer 
as evidenced by the fact that all specimens tested broke in the clay, 
Two factors contribute to this effect (1) compressional forces “eons, 
the roll and the base plate, and (2) the greater elongation to whi; 
the outer circumference of the specimen is subjected ‘when it is bey 
The latter circumstance would be expected to be 


over the roll. 


in a decrease in tensile strength with increase in the thickness of +] 


specimen. 


TABLE 6.—Effect of type of clamp and shape of specimen on tensile properties ang 
coefficient of variation 





Sample 


| 
| 


j 
| 
} 


| 


Clamp 


Shape of specimen 


| 


Rela- 
tive 
tensile 
strength 


tive 
ulti- 
mate 


elonga- 


tion 





Insulation from No. 
formite wire. 


Insulation from ignition cables_ 


Sheet of carbon black com- 


pound. 


14 Per- 


fT oggle.- 


fRoll m 
\Toggle_ - 
jRoll- 

To ggle_ on 
|Roll 1. 


(Roll 1_. 


Tubular__- 


Small dumbbell... 
Strip 
Standard dumbbell. 


100 
119.5 
100 
150 
160 
100 
105 





100 
110.5 
100 
118 
115 
100 
103. 5 


a 


| Strength 


0. ( 





| 
| 














1 The type of clamp used with the dumbbell specimens is not significant, since none of 
broke in the clamp. 


The variations among the results of tests on four different samples 
of ignition cable indicate that, even when the size and type of specimen lar 
are kept the same, the ratio between tests with the two types of clamps Hi seq 
is by no means constant. For example, when the tensile strength, as by 
determined by the roll clamp is taken as 100, the values obtained by In 
means of the toggle clamp were found to range from 139 to 170, vr fille 
an average value of 150, as shown in table 6; similarly, taking spi 
ultimate elongation with the roll clamp as 100, the elong: utions given rev 
by the toggle-clamp range from 111 to 125, with an average value of 1 
118. stre 

mi 
2. COMPARISON OF STRIP AND TUBE, WITH DUMBBELL Fon 
SPECIMENS spe 

The results summarized in table 6 indicate that the tensile strength 9 "0" 
shown by a dumbbell specimen is slightly higher than that given by for 
a tubular or strip specimen of the same composition. This difference Hm &t | 
amounts to about 7 percent, on the average, for the four samples of 3 "0! 
ignition cable, and to about 5 percent for the sheet sample of the I 
compound containing ‘ ‘soft”’ carbon. It would be expected that this Hi *' 
difference in tensile strength would be accompanied by a correspond: Bm 's' 
ing difference in the ultimate elongation. In the case of the dumbbell diff 
and strips cut from the sheet material, the dumbbells gave the greater and 
elongation, by about 4 percent of the total elongation. In the case com 

SO 


of the ignition cable, however, the reverse was “observed, the ult 
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mate elongation of the tubular specimens being about 2.5 percent 
ule e 

vreater than that of the dumbbells. 

* The present results do not warrant any precise statement as to the 


ration between results obtained with dumbbells and with strip or 


;ybular specimens. For many practical purposes, however, it appears 
‘hat the latter specimens can be satisfactorily employed when it is 
not practical to obtain dumbbells. 


3. SIGNIFICANCE OF THE POSITION OF BREAK 


The rupture of a specimen in a tensile test is likely to start at some 
point where the stresses are concentrated on account of the shape of 
the specimen or the means used for clamping it. If rupture does not 
occur at one of these points of concentrated stresses, it will start at 
sue flaw or inhomogeneity in the rubber. In the latter case, higher 
values of the tensile strength and ultimate elongation are usually 
obtained than in the former case, and it is observed that the distribu- 
tion of values is altered from a symmetrical distribution about the 
mode to a skew-shaped distribution with a larger range of values 
below the mode than above it. Such a skew-shaped distribution 
curve is consistent with the usual explanation that the presence of 
inhomogeneities alters the observed values of tensile strength and 
ultimate elongation in such a way as to give rise to a preponderance 
of lower values, as compared with the symmetrical curve of random 
distribution. 

The fact that all the straight and tubular specimens tested with 
the roll clamp broke in tha “bite” indicates that in this case the con- 
centration of stresses in the clamps is a predominating factor. Con- 
sequently a symmetrical distribution of values about the mode would 
be expected and such is clearly shown by figure 4. 

With the toggle clamp the test piece is gripped over a relatively 
large area so that the clamping stresses are correspondingly low. Con- 
sequently a proportionately larger number of the breaks are initiated 
by inhomogeneities in the rubber and hence occur outwide the clamps. 
In the ease of Performite insulation, which contained a relatively coarse 
filler, only 9 of the 59 breaks occurred in the clamps. With strip 
specimens made from a carbon-black compound, the relation was 
reversed and 38 out of 63 specimens broke in the clamps. 

The curves which represent the distribution of values of tensile 
strength and ultimate elongation of Performite insulation, as deter- 
mined with the toggle clamp, are markedly skewed, as shown by 
figure 4. On the other hand, the corresponding curves for the strip 
specimens of the carbon-black compound, as shown in figure 5, are 
not significantly skewed. This difference in the distribution of values 
for the two samples is consistent with the differences in the positions 
ut which the respective specimens broke, but the number of observa- 
tions is not sufficient to warrant a close analysis. 

In the case of dumbbell specimens the majority of breaks occurred, 
as would be expected, in the fillet just outside the gage marks. The 
results shown in table 5 indicate that there is no large practical 
difference in tensile properties associated with the position of break, 
and consequently no reason for discarding the results of all deter- 
minations in which specimens break outside the gage marks, as is 
sometimes done. 
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The specimens of Performite insulation which broke outside th, 
clamps were divided into two groups, depending on whether the break 
was inside or outside the 2-inch gage length that was employed "ee 
measurement of the elongation. As shown in table 2, the nies 
values for these groups do not differ greatly from each other or from 
the average values of determinations in which the specimens broke jn 
the clamps. 

The position of break was observed to have a significant effect op 
the tensile properties only in the case of the strip specimens of th 
carbon-black compound ‘shown in table 5. The specimens which 
broke in the “clear” showed on the average a 3-percent higher bead, 
strength than those which broke in the clamps. The ultimate elonga. 
tion of specimens which broke outside the clamps was also slight) ly 
greater than that of specimens breaking within the clamps. 


4. COEFFICIENT OF VARIATION 


In order to determine whether the new clamp gave a spread of 
values different from that obtained with other clamps, the coefficient 
of variation (ratio of the standard deviation “ the mean) was com. 
puted for the determinations given in tables 1, 2, 3, and 4. The 
results which are shown in table 6 indicate sl except for one set of 
tests the coefficient of variation was not signific antly influenced by 
either the type of clamp or the shape of the specimen. The coefficien 
for tensile-strength tests lies between 0.043 and 0.060, except for th 
test of tubular specimens of ignition cable in the roll clamp, when it js 
0.088. A coefficient of about 0.05 is usual for tensile-strength 
measurements onrubber. The coefficient of variation for the measure- 
ments of ultimate elongation lies between 0.017 and 0.035, this range 
being of usual magnitude. The tests of ignition cable which showed 
the greatest spread in tensile-strength determinations, also showed 
the greatest spread in ultimate elongation, though in the latter case 
the coefficient of variation is not significantly out of line. 


V. SUMMARY AND CONCLUSION 


The toggle clamp described in this paper is adapted to use with a 
wide range of sizes and types of specimens for the tensile testing o/ 
rubber. Tubular and strip specimens, when tested with the new 
clamp, give values for the tensile strength that are only a little lowe 
than those obtainable with dumbbell specimens of the same composi- 
tion. The values are considerably higher, however, than those 
obtained with the roll clamp commonly used. The new clamp, 
therefore, is particularly suitable for the testing of rubber insulation 
and other products of such a shape that dumbbells cannot readily be 
prepared from them. 


Acknowledgment is made to E. E. Creitz, who suggested a pre- 
liminary design of the toggle clamp. 


Wasuinoton, February 23, 1939. 
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DETERMINATION OF THE pH VALUE OF PAPERS 
By Herbert F. Launer 


ABSTRACT 


Asimple and rapid procedure for the determination of the pH value of papers 
‘; described. The paper is mixed with water, and after letting it stand for 1 
hour in the cold, the pH is determined in the unfiltered mixture, using a glass 
electrode. The values so obtained are in good correlation with the amounts of 


The relationship between the percentages of 
alum and the pH obtained with the method described and with the method in 
general use employing hot extraction, was studied in detail for a large number of 
experimental papers produced in the paper mill at the National Bureau of 
Standards. The experiments showed that the increase in acidity upon heating, 
observed by previous workers, is usually three to four times the hydrogen-ion 
concentration of the cold paper-water mixtures. No advantage of using hot 
water for the extraction was observed. 

Experiments showed that the usual fibrous papermaking materials have the 
property of raising the pH of an acidic solution containing CO, or aluminum 
sulfate, and that neutral papers gave essentially the same pH, whether extracted 
with water of pH =6.7 or with some of the same water containing CO, and having 
a pH=5.9. Therefore, the requirements of present standard methods, with 
respect to the pH of the distilled water used for extraction, appear to be un- 
necessarily severe. 

Other factors studied were time and temperature of extraction, neither one of 
which appears to be critical in the cold extraction. Previous workers have found 
that these two factors are important in the method of hot extraction. 

Grinding was found to be unnecessary for the papers studied, but the aqueous 
mixtures of unground, thick, “‘kraft’’ papers should be allowed to stand 20 hours 
before determination of the pH. 
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I. INTRODUCTION 


The pH of a paper extract is now usually considered one of the most 
liable indices of the permanence of a paper, although the first 


553 
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applications of pH values for papers were reported scarcely a doze 
years ago.' Prior to the use of pH values, paper acidity was identified 
with the ‘‘total acidity” or titratable acid in extracts of the paper re 
unstable paper usually having a higher acidity than a stable ono 
In order to find a method more suited to modern control work re 
measuring acidity than the measurement of total acidity, Hoffnay: 
sought to replace it with the measurement of pH, and found th: 
both types of data could be correlated equally well with the stability 
of a wide variety of papers. His results are in agreement with tho 
later work of Kohler,’ who previously had developed the method fo 
titratable acid. Hoffman measured the pH of extracts prepara 
in the same manner as those for total acidity, namely, by extractioy 
near 100° C for 1 hour. 

This method, with changes for eliminating the possible effect of 
COs, both in the filtration and cooling procedure and with the speci- 
fication that the water used for extraction should have a pH vali 
between 6.6 and 7.0, was adopted by the Technical Association of 
the Pulp and Paper Industry.* Grinding of the paper was furthe; 
specified and the extraction temperature was fixed between 95° and 
100° C. The method of measuring the pH was left to the choice of 
the analyst, and the values obtained were to be expressed to the 
nearest 0.05 pH unit for the electrometric and 0.1 pH unit for the 
colorimetric determination. The Federal specifications * are essen- 
tially the same, except that water of pH 6.9 to 7.1 is prescribed. 

The accuracy implied in the TAPPI method is, however, much 
higher than is compatible with actual experience. Under the super- 
vision of Wehmhoff,® three different Government laboratories con- 
ducted cooperative tests on given papers, using procedures essentially 
within the specifications of the TAPPI method. Variations between 
laboratories in pH values obtained were 0.34 pH unit, on the average, 
with a maximum variation of 1.0 pH unit, indicating that some 
modification of either the method or the precision requirements, or 
both, was necessary. 

Investigators have studied the factors involved in the hot extrac- 
tion. Browning and Ulm? found that hot extraction gave lower pH 
values than cold extraction for three commercial papers, and that 
the temperature at which the hot extraction is made should be con- 
trolled to 99° to 100° C instead of 95° to 100° C as permitted in the 
standard methods. They found, in agreement with Wehmbhoff,’ that 
the pH values, obtained using hot extraction, are not equilibrium 
values, since they tend to rise if the mixtures are allowed to stand in 
the cold. They also found that atmospheric CO, has no appreciable 
effect in the pH range up to 6.0, during either the hot extraction or 
the cooling process and, therefore, that the precautions prescribed by 
the TAPPI method in this respect are not necessary. Furthermore, 


“ 


they question the wisdom and feasibility of grinding the paper. 


1 W. Holweck, Papier-Fabr. 25, 659 (1927). 
2W. F. Hoffman, Paper Trade J. 86, TS143 (March 1, 1928). : — 
’ Sigurd Kohler, Investigations into the determination of acidity and copper number in paper, Report 
No. 56 of the Statens Provningsanstalt, Stockholm (1932). See especially pages 7 and 11. (In Swedisa) 
4 TAPPI-T435m, Hydrogen ion concentration (pH of) paper extracts, Sept. 6, 1934. Copies May % 
obtained from the Association, 122 E. 42d Street, New York, N.Y. ae 
* Federa! Specification for Paper; Genera) Specification UU-P-3!a, page 10 (June 1937). Obtainable 
from the oe of Documents, Government Printing Office, Washington, D. C., price 5 Cer oe 
*B. L. Wehmhoff, Proeress Report on the Determination of pH Values and Total Acidity in Pape! 
United States Government Printing Office (1930). ie 
7B. L. Browning and R. W. K. Ulm, Paper Trade J. 102, 89 (Feb. 20, 1936). This contains an extensive 
bibliography and a historical survey. 





wait pH Value of Papers 

The procedure of hot extraction has been adhered to in the past, 
doubtless because the data have been lacking which are necessary to 
chow that extraction in the cold gives a pH value which is representa- 
tive of the paper. Furthermore, the TAPPI method of preparing the 
paper extract involves filtration to allow application of a wide vari- 
ety of methods of measuring the pH. Colorimetric methods, which 
are known to depend largely upon the psychological and physiolog- 
ical qualities of the analyst, usually require colorless, clear extracts, 
and necessitate filtermg and excessive handling, which normally 
involve the danger of contamination. Again, the use of the hydrogen 
electrode demands filtration and a knowledge of the chemical composi- 
tion of the solution to be tested to insure against poisoning of the 
electrode. Thus, in limiting the method of measuring the pH to 
glass electrodes, which do not require preliminary handling of the 
extracts, a simplicity of procedure can be achieved, which is especially 
important in pH work. ' 

in previous investigations in which commercial papers were studied, 
the proportions of alum used in their manufacture were either not 
known or not given. In the present investigation a large number of 
experimental papers were available whose papermaking details were 
known and had been varied in such a manner as to permit a study 
of the relationships between the proportions of alum used in the man- 
ufacture of the papers, the pH values, and the chemical stability of 
the papers. Such data should show whether pH values obtained by 
cold extraction are as valid as those obtained by hot extraction. The 
experimental papers were produced under carefully controlled condi- 
tions in the semicommercial paper mill of the National Bureau of 
Standards. One commercial coated paper and eight samples of file- 
folder stock were also included in the study. 


II. METHOD OF MEASURING THE pH 


A commercial glass electrode, in conjunction with a saturated 
potassium chloride-calomel half cell, calibrated in the usual manner 
with 0.05 M potassium acid phthalate of pH=4.0, was used for all 
determinations of pH throughout the present work. The advantages 
of this electrode are well-known, but some care must be used in applica- 
tions to paper-water mixtures. When determinations in neutral or 
nearly neutral systems were made, after the glass electrode had been 
used in solutions either distinctly acidic or alkaline, the values ob- 
tained were at first too low or too high, in the direction of the pre- 
viously measured pH. This is shown in table 1 for paper 21. The 
glass electrode was carefully rinsed with distilled water after each 
treatment described in column 2 and then inserted in the unfiltered 
extract of the ground paper. For papers farther removed from 
neutrality, as for example paper 24, the effect was no longer notice- 
able. Another glass electrode gave similar results with a paper 
extract of pH=7.1, while a paper extract of pH=6.0 showed a smaller 
but nevertheless appreciable effect. Ordinarily 1 to 2 minutes appear 
to suffice for the attainment of equilibrium, but for measurements in 
the neutral range, especially if the preceding measurement was of an 
alkaline solution, approximately 15 minutes time should be allowed, 
or the electrode should be immersed for 1 minute in a solution having 
lower pH than the one about to be measured. The phthalate 
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buffer, pH=4.0, was found convenient for this purpose. Thus, th, 
large errors involved in approaching from the alkaline side are re. 
placed by the smaller errors involved in approaching from the acidic 


region. 


TaBLE 1.—Effect of previous treatment of glass electrode when used to measure DH 
of paper extracts ron 


PAPER SAMPLE 21 





< : 
pH measured | Relatiy 

after Time | error (pi 

interval | Units) 


Time interval 
after insertion 
of electrode 
(minutes) 


Previous treatment of glass electrode 





One hour in distilled water 


Ten minutes in paper extract of pH =9.4.........-.-.---...- 


Twenty minutes in solution of pH =4.0__........-------.--- 








One hour in distilled water 








Fifteen minutes in distilled water. 


Ten minutes in solution of pH =4.0_.........-....---------- 


Ten minutes in paper extract of pH =9.4.....-...-.--..--.-- 4 











III. COMPARISON OF THE pH VALUES OBTAINED WITH 
HOT AND WITH COLD EXTRACTION 


1. RELATIONSHIP BETWEEN THE pH VALUES AND THE AMOUNTS 
OF ALUM USED 


The acidity of newly made paper is practically all derived from the 
salt, aluminum sulfate, termed in the trade “papermakers alum’, 
which is used to aid the formation of the fibers into a sheet, to precip- 
itate rosin from rosin size onto the fibers to make the paper water 
repellent, and as a mordant for coloring materials. Therefore, the 
relationship between the amounts of alum used in the papermaking 
process and the pH values is an important criterion of the validity 
of the latter. 

The pH values for cold extraction were obtained after mixing 1. 
g of ground paper with 70 ml of distilled water, pH=6.6 to 6.9, at 
20° to 30° C, allowing the mixture to stand for 1 hour and then 
measuring with a glass electrode by direct insertion into the paper 
water mixture. After this measurement, the same mixtures were 
used to obtain the pH values for hot extraction. They were heated 
in a Pyrex flask covered loosely with a watch glass and immersed to 
the neck in a steam bath (99° to 100° C) for 1 hour, after the ten- 
perature of the mixture had become constant. After cooling the 
mixture, the pH values were obtained, and were the same as those 
obtained from mixtures made up directly with hot distilled water and 
kept in the steam bath for 1 hour, and subsequently cooled. 
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The pH values are listed in table 2, along with the alum percentages. 
4 comparison between these variables must be limited, however, to 
apers made with like amounts of rosin size,® inasmuch as the pH 
values are affected also by the rosin size. This is owing to the fact 
that rosin size, Which is a suspension of free rosin in sodium resinate 
zlution, reacts with strong acids to precipitate rosin, which is a weak 
insoluble acid or group of acids, and reacts with aluminum ion to form 
, more or less well-defined insoluble compound of aluminum and 
rosin, thus reducing the concentration of aluminum ion. The effect 
on the values for pH-cold and on the changes in (H*) during heating, 
of varying the amount of rosin size, is easily seen in the pairs 12 and 
13, 25 and 26, and, to a smaller extent 1 and 2, 3 and 4. 


TapLe 2.—lelation between the acidity values and chemical characteristics of the 
papers 
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See footnotes at end of table. 
eniiianesisincens 
be Papers with resin contents, shown in table 2, from 0.8 to 1.2 percent, were nade with a definite volume 
¢' rosin size calculated to contain a total amount of rosin, the weight of which was 1 percent of that of the 
ary fibers. Papers with resin contents from 1.6 to 1.9 percent were made with double this volume of rosin 
size. Allother papers had no added rosin but contained natural resins or waxes in small amounts. Added 
rosin and natura! resins are termed “‘resin’’ when determined analytically. 
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TABLE 2.—Relation between the acidity values and chemical characteristics os ; 
papers—Continued ; 


E . z 








| 
| 
(H*) Cor-| 10. 
respond- | Decrease 
ing to pH 
cold 


pH, pH, 
using using 
Resin Alum cold hot 
extrac- | extrac- 
tion tion 


ple | in alpb 


| cellulose 




















BLEACHED SULFATE» 

















OLD RAGS 








Surface sizing 


Glue: pH =4.7 
Starch: pH =7, 2 
None ¢ 

Glue: pH =4.7 




















NEW RAGS 





5.7 | 5.1 | 0.6 | 59 | Glue: pH =4.5 





COMMERCIAL COATED 





None. 








* Percentage of alum was based on dry weight of solid materials in the chest. 
» Pulps subjected to special purifying process by the manufacturers. 
¢ No surface sizing; starch added to beater. 


In figure 1 the alum percentages are plotted against the pH values, 
for series of papers made with like amounts of rosin size and made from 
the same fibrous materials. The heavy lines connecting the points 
represent hot extractions, and the light lines of similar structure 
represent corresponding cold extractions. Figure 1 shows that the 
much simpler method of cold extraction gives pH values which are 
related to the amounts of alum used in making the papers, and that 
there is no advantage in this respect, in using the method of hot 
extraction. 

Such an analysis for papers 33 to 38 was not possible, since the 
surface-sizing solutions also may be expected to affect the pH-alum 
relationship somewhat. It should be noted, however, that the pH 
changes upon heating the extracts, for these papers, are not greatly 
different from those of the other papers. 

The decrease in pH during heating, for papers 1 to 32, table 2, 1s 
shown in column 6 as “ApH,” and it appears to be similar, 0.6, expressed 
as pH units, for all papers made with more than 0.5 percent of alum. 
Such a comparison is misleading, however, since the pH is a logariu- 
mic function. When these changes in pH are expressed as increases 
in the hydrogen-ion concentration, A(H*), column 7, the changes are 
seen to vary greatly and depend generally upon the proportions 0 
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Launer] 


alum originally added. It is of interest to note that the changes 
» acidity upon heating, A(H*), are usually three to four times as 


In 








PAPERS 
a 
a 


pH VALUES OF 
o 
fo] 


SAMPLES EXTRACTION 
HOT COLD 

1,3,7,10 — 
,4,6,8 ameam <=. — 
12,16,17,18,20 ecient sad is 
13 ,14,19,21,22 mms —--- 








1.0 2.0 3.0 4.0 
ALUM .PERCENT 


Relationship between the amounts of alum used in making the papers 
and the pH values for hot and cold extractions. 





large as the original acidity, (H*), column 8, calculated from the 
values for pH-cold. 


2, RELATIONSHIP BETWEEN THE pH VALUES AND THE 
STABILITIES OF THE PAPERS 


Another important requirement of a method of extraction is that 
the acidity values thus obtained may be used as a basis for predicting 
relative stability of the papers. The change in alpha-cellulose con- 
tent of a paper upon accelerated aging by heating is regarded as an 
index of relative stability. This criterion is especially applicable 
when comparisons are restricted to papers made from the same fiber. 

Che relative stability in terms of change in alpha-cellulose content 
upon accelerated aging, which consisted in heating the papers in air 
for72 hours at 100° C, is given in table 2, column 9. When these are 
plotted against pH and the points connected as before with heavy 
and light lines, corresponding to hot and cold extractions, respectively, 
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it is seen from figure 2 that the method of cold extraction rests ; 
pH values which are as useful for predicting relative stability as 4», 
those of the method of hot extraction. ; 
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CHANGE IN ALPHA CELLULOSE, PERCENT 








Fiaure 2.—Relationship between the pH values for hot and cold extractions and the 
stabilities of the papers 


IV. STUDY OF THE FACTORS INVOLVED IN THE METHOD 
OF COLD EXTRACTION 


1. PURITY OF THE WATER REQUIRED FOR THE EXTRACTION AND 
THE EFFECT OF FIBERS UPON THE pH 


The use of water with a pH between 6.6 and 7.0 or 6.9 and 7.1, 4 
prescribed by the TAPPI method and the Federal specification, 
requires redistillation of ordinary distilled water in a well-ventilated 
laboratory. . 
It is doubtful, however, if water of such purity is ever necessary | 
extractions of paper. Distilled water, which contains enough CQ, 0 
give a pH=6.1, but which is pure in other respects, contributes, 
according to calculation, only 0.1 pH unit in a paper-water mixture 0! 
which the measured pH=5.8. Actually, the effect of CO, is far les 
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shan this, for the pH values of the practically neutral papers were not 
rected significantly by ordinary amounts of CO, as shown in table 3. 


al 


sych papers gave practically the same pH, whether mixed with water 
of pH=6.7 or with a portion of the same water to which CO, had been 
added to give a pH=5.9._ Water containing enough COQ, to give a 
pH=5.0 underwent a rise in pH of approximately 1 unit when these 


papers were added. Acidity from other sources was similarly reduced 
py the fibers. For example, when these papers were mixed with water 
of pH=4.8, containing 0.013 g of alum per liter, the pH rose markedly 
in every case, as Shown in column 5. 


TABLE 3.—Effect of fibers * upon pH values 





PH values 





Sample pH of water 
number ' PH of water | pH of water | =4.8, alum 
DH of water | "=5.9, COs | =5.0, COs | _ added, 
added added 0.013 g per 
liter 








} 




















» Extractions were made on ground papers fo. 1 hour at room temperature. 
» Papers 39 and 40, not listed in table 2, were made from old rags. 


Since the samples listed in table 3 were representative of all of the 
sual papermaking materials, it appears that otherwise pure distilled 
water, containing small amounts of CO:, of pH=5.9 or higher, is 
satisfactory for use in paper extractions, even at room temperature, 
and that the requirements of present standard methods employing 
hot water are unnecessarily severe in this respect. 


2. EFFECT OF TEMPERATURE 


No appreciable systematic difference in pH was found between 
extractions made at 20° and at 30° C over a wide range of pH. This 
is in agreement with the results obtained by Browning and Ulm, 
who found only small differences for the two temperatures, 20° and 
50°C. They found, however, that the temperature of hot extraction 
should be rather closely controlled, between 99° and 100° C. It 
thus appears that the method of cold extraction has an important 
advantage in that extraction may be safely made over the rather 
wide range loosely designated as room temperature. 


3. EFFECT OF TIME 


Experiments in which the pH values of papers were determined at 
various intervals after mixing showed that time is not a critical 
factor for papers of ordinary weight and that the values obtained 
after 1 hour do not change significantly upon much longer standing. 
This applies to well-sized as well as poorly sized papers, and is espe- 
gs an for the surface-sized papers. The results are shown 
in table 4, 
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TaBLe 4.—Fffect of time of extraction*® upon the pH values of papers 





pH values after various intervals 





Sample Sizing 
number value 


| | 
10 minutes | 30 minutes 1 hour | 20 hours 
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® Extractions were made of ground papers at room temperature 
4. MANNER OF PREPARING THE PAPER FOR EXTRACTION 


Although required by the TAPPI method and given as an alternative 
to shredding in the Federal specification, advisability of grinding has 
been questioned by Browning and Ulm. Aside from the practical 
difficulty that many laboratories in which pH measurements of 
papers are made are not equipped with a grinder, it is of major 
importance, for this determination, that the paper be subjected to a 
minimum of treatment before testing. Contamination of the paper in 
the grinder by residues of previous papers is an ever-present possibility, 
despite careful cleaning. 

During a period of 5 months, the papers described in this investiga- 
tion were tested at intervals, both in the ground condition and in the 
form of cuttings, approximately 0.1 to 2 cm? in area. The results listed 
in table 5 show no important systematic difference between the values 
obtained from the unfiltered aqueous mixtures of the ground and cut 
materials. Each individual value is the average value of duplicate 
determinations. The maximum disagreement between the sever! 
values for each paper has an average value of 0.13 pH unit for the 
ground and 0.10 pH unit for the cut samples, showing reproducibility 
to be practically the same for both. Out of 28 comparisons, the average 
values for the ground material were higher in 11 cases and lower in 
than those from the cuttings, and equal in 8 cases. 

The specification of grinding, to the exclusion of cutting the sample, 
does not, therefore, appear justified in the testing of papers such 2s 
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hose listed in table 5. When a paper is especially thick, however, 
pope extraction is not obtained with cut samples in 1 hour. Results 

vith eight samples of commercial file-folder stock, with a thickness of 
al spproximately 0.01 inch, showed that very incomplete extraction is 
»ptained unless such papers are ground, or unless the time is extended 
., 20 hours. The results are shown in table 6. 


Comparison of pH values * obtained from ground samples and from 
cuttings of papers 
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ns were made for 1 hour at room temperature. 


Comparison of pH values* obtained from ground and cut samples of 
file-folder stock 
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V. RECOMMENDED PROCEDURE 


On the basis of the experimental results of this investigation, th, 
following procedure is recommended for obtaining the pH value 9: 
paper. Weigh 1.0 g of ground, air-dry paper, and transfer to a 109. 
ml beaker. Instead of grinding the paper it may be cut into piece 
of roughly 1 cm? if the paper is not especially thick. Add 20 m| ,: 
distilled water and macerate with a flattened stirring rod until the 
specimen is uniformly wet. Then add 50 ml more of the distille 
water, stir well, cover with a watch glass, and allow to stand ap] rox. 
mately 1 hour. If the paper is thick or dense, and if no grinder js 
available, the extraction time must be prolonged to 20 hours. Th 
entire procedure is carried out at room temperature. After stirriy 
the mixture once more, measure the pH of the unfiltered mixture wit) 
a glass electrode and report to the nearest 0.1 pH. Duplicate deter. 
minations should agree within 0.1 pH. The distilled water used jy 
the extraction should not contain more CO, than corresponds to , 
pH=5.9, but it must be tested for alkaline impurities by boiling ; 
small portion to expel the CO,. If the pH of the water, after boiling 
is definitely above 7.0, it should be redistilled, preferably from alkaline 
permanganate, to oxidize organic substances. 


The author acknowledges the cooperation of M. B. Shaw and M. J 
O’Leary in supplying the papermaking details and the assistance of 
W. K. Wilson in making some of the pH measurements. 


WaAsHINGTON, February 10, 1939. 
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FURTHER DATA ON eo RESISTANCE 


By Theodore B. Godfrey 


ABSTRACT 


sy heat treatment, the temperature coefficient of electrical resistance of gold- 

chromium coils containing 2. : pere ent of chromium can be made extremely small 

vi in the interval 18° to 35° C, and the resistance of such coils is extremely stable. 

sane rang a resistance bridge made with gold-chromium coils and without 

mpe pee control should be fully as good as the customary bridge with manga- 

» coils and thermostatic control. Data obtained during the construction and 
testing of four 10-ohm coils are given. 
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I. INTRODUCTION 


The gold-chromium resistance alloys investigated by Linde ! and 
by Thomas ? seem to be ideally suited for the construction of very 
precise electrical-measuring instruments, such as the bridges used in 
resistance thermometry. It seems probable that a bridge “made with 
gold-chromium alloy coils and without temperature control should be 
fully as good as the customary bridge with manganin coils and ther- 
mostatic temperature control. Since several manufacturers of elec- 
trical instruments are interested in the use of this alloy, and as the 
available information concerning its treatment and properties is 
limited, it is thought that the data obtained during the construction 
and testing of four 10-ohm gold-chromium coils and the data on the 
stability of Thomas’ coils over a period of years are of sufficient 
interest to warrant their publication. 


II. CONSTRUCTION OF COILS 


Thomas found that in the interval 20° to 30° C the resistivity of 
gold-chromium alloys as a function of temperature could be repre- 
sented by equations of the type 


P1=pasl1 + a (t—25) +8 (t—25)?]. 


'J. 0, Linde, Ann. Physik 402, 52 (1931); 407, 219 (1932). 
TL. Thomas, J. Research NBS 13, 681 (1934) RP737. 
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Since his data indicate that for an alloy containing 2.1 percep; ,: 
chromium, the value of 8 is zero and the value of a can be lowered tr 
zero by heat treatment, alloy of this composition was chosen for ¢), 
construction of the four coils. Each coil was wound with bare hard. 
drawn wire 0.2mm in diameter. The wire for coils 1 and 2 was draws 
from larger wire obtained from Thomas, and the wire for coils 3 and 4 
was drawn from a new melt. The coils were similar in constructio, 
to the National Bureau of Standards strain-free type of platinyy 
resistance thermometers,’ this construction being more convenjen: 
with the materials and equipment immediately available, than th; 
more conventional construction of resistance standards. The ty, 
mica side pieces, however, were omitted in the construction of coils. 
and 4, so that each turn of these two coils was supported at only ty, 
points. Two gold wires were welded to each end of each coil, makino 
it a four-terminal resistor, and to the gold wires were welded the copper 
wires for the bridge connections. Both electrowelding and oxy. 
hydrogen welding were found satisfactory for these operations. After 
the coils were washed and dried, they were placed within Pyrex tubes 
The four terminal wires of coils 1 and 2 were wedged fast by a cork 
inserted in the end of the tube. The lead wires of coils 3 and 4 wor 
completely insulated by glass. Later, after the heat treatment, the 
tubes were evacuated, filled with dry air at atmospheric pressure, ay 
sealed with wax. 
III. HEAT TREATMENT 


Prior to heat treatment, the value of the temperature coefficient of 
resistance, a, of coils 1 and 2, at room temperature was about 
125 10-*/°C, and of coils 3 and 4 about 93 10~°. 

Coils 1 and 2 initially were heated at 200° C, the heating being 
interrupted at various times for the purpose of observing the changes 
in the values of the a’s. The values of the a’s were derived from re- 
sistance measurements at 20° and 30° C and plotted as a function of 
the time of heating, as shown in figure 1. At first the values of the 
a’s decreased rapidly, falling to about 2010~* in the first hour 
Thereafter, the rate of decrease diminished progressively and eventually 
became so small that an attempt was made to increase the rate by 
heating at 250° C. Contrary to expectation, there resulted an in- 
crease in the value of a for one coil and no change in the value for the 
other. After further heating the coils at 200° C, both were again heated 
at 250° C, and in each case the value of a became more positive. 
Eventually the value of a for both coils was reduced to less than 
0.1 10-8/°C, 

Relying upon the data obtained with coils 1 and 2, coil 3 was heated 
initially for 5 hours at 200° C, and the value of @ was then found to 
have been reduced to —3X10~°. Heating the coil at 250° C, instead 
of reversing the direction of change, made the coefficient fall to siil 
more negative values. After it was found that immersing the coil in 
liquid air had no effect on the value of a, cold-working was attempted. 
The wire was held by tweezers at two points about 1 mm apart and 
bent back and forth several times. This treatment was repeated over 
the whole length of the wire. In this manner the value of « was 
brought to 0.210~*°. This change in the value of the coefficient n 


17.9. Sligh, Jr., BS Set. Pap. 17, 49 (1922) $407; Beattie, Jacobus, and Gaines, Proc. Am. Acad. Arts 
Sci. 66, 167 (1930). 
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the positive direction as a result of cold-working is unusual, since for 
other metals and alloys cold-working generally results in an increase 
in resistivity, and a negative change in the coefficient. 

,efore starting the regular heat treatment, coil 4 was kept for some 
ime in boiling water to remove the borax flux which had been used in 
welding, and was dried at 150° C. The total time required for this 


was about 4 hours. The value of the coefficient was then found to 
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FicurE 1.—Changes in the temperature coefficient of resistance produced by heating. 


have dropped to 12X10-*. Subsequent heating at 170° and 200° C 
quickly brought it to zero. 

In the course of the heat treatment, resistance adjustments were 
made several times, either by shortening the coils at the lower end and 
welding the pieces together, or by scraping the wires at the upper 
ends of the coils. All such adjustments increased the value of a, 
although, except in two instances, the change was too small to be 
shown.in figure 1. 
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As noted by Thomas, there is a linear relationship between ¢}, 
changes in the resistance of a gold-chromium coil at room temperatyy 
and the value of a during the heat treatment, the resistance increscin, 


asing 


as the coefficient decreases, as shown for coils 1, 2, and 3 in figure 9 
When coils 1 and 2 were heated at 250° C, the resulting unexpected 
increases in the value of a were accompanied by decreases in resist. 
ance consistent with this relationship, but when coil 3 was cold-worked 
the relationship was not maintained, very probably because the dino, 
sions of the wire were altered by this treatment. The average 
the slopes of the curves in figure 2 corresponds to a decrease of 22 19-, 





4 Rego (% 
ass (%) COLD WORKED 





Figure 2.—Linear relationship between a and resistance at 25° C. 


in the value of a for a 1-percent increase in resistance. The corresponé: 
ing value found by Thomas, for an alloy containing 2.35 percent of 
chromium, was 26 107°. 

It has been found difficult to account for the differences in the 
effects of heat treatment upon the coils, especially in the effects of 
heating at 250° C. At first it was thought that the increases in the 
value of a of coils 1 and 2 were caused in some way by strain in mount- 
ing, since when these coils were in place within their protecting tubes, 
the mica side pieces (omitted in the construction of coils 3 and 4) were 
forced toward the center by the glass, thus straining the wire. To test 
this possibility, the outer edges of the mica side pieces of coil 1 wer 
sheared off so that they no longer pressed against the glass, and, 
addition, were cut through radially every four or five turns. The col 
was then replaced in its tube and heated at 250° C for 15 minutes 
The value of a again increased as before (not shown in fig. 1), msing 
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from 0 to 2.2 107°. Another coil of wire of the same lot, wound on a 
yartz tube, after heating at 200° C, also showed the increase in the 
value of a when heated at 250° C. Consequently, it seems that the 
fect is a characteristic of the wire obtained from the first melt and not 
, result of the method of mounting. 

In this last experiment with coil 1, the heating at 250° C was con- 


tinued for some time, to see whether the value of a would continue 
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Figure 3.—Resistance-temperature curves of 10-ohm coils at various stages of heat 
treatment. 





toincrease. At the end of an hour, the value of a reached a maximum 
of 2.5 107° and then started to decrease at a rate which soon became 
comparable with the rate of decrease at 200° C. 


IV. TEMPERATURE-RESISTANCE CURVES 


At various times during the heat treatment and after its completion, 
measurements were made of the resistances of the four coils over a 
range of temperature extending from 0° to 50°C. Some of the results 
obtained are shown in figure 3, together with measurements on one of 
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Thomas’ 10-ohm coils (coil 24). The curves all indicate that jp this 
range of temperature an equation of the second degree is incapable of 
representing the resistance as a function of temperature, but that ay 
equation of third or higher degree would be required. The values of , 
shown are the slopes of the straight parts of the curves. It wil] 
noted that the range of temperature (18° to 35°C) in which the slope 
of the upper curve for coil 1 is not measurably different from zex 
includes the temperatures ordinarily prevailing in a laboratory 
and that even outside of this range the slope of the curve as shoyy | 
does not exceed 2X 10~°. 


V. STABILITY 


The early changes in resistance of three of the coils have been some. 
what greater than those of the coils constructed by Thomas. The 
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Fiaure 4.—Resistance changes of four gold-chromium coils over a period of 4 years, 





resistance at room temperature of coil 1 has decreased 4 parts In 4 
million in 2% months; that of coil 2, after increasing 7 parts m& 
million in 45 days, has since remained constant for a month; that of 
coil 3 has increased 16 parts in a million in 3 months. Coil 4, hov- 
ever, in 3 months has shown no measurable change in resistance. 
This coil not only was mounted most nearly in a truly strain-free 
manner, but also was not subjected to cold working after mounting. 

Thomas has kindly supplied later data on the changes in resistance 
of the gold-chromium coils for which resistance-time curves are show. 
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his figure 4.4 These curves, extended to cover a period of 4 
vears, are shown in figure. 4 Coil 3938, which was originally the most 
“able of the four, has remained practically constant in resistance. 
The resistances of the others have decreased 5 or 10 parts in a million 
below their original values. These coils were mounted in salvaged 
oil-filled containers, and it is probable that moisture has entered some 
of the containers. Even so, the coils compare favorably in stability 
with well-made manganin coils of usual construction. As might be 
expected, in view of the relation, discussed above, between changes in 
roistance and changes in the value of the coefficient, there has been 
asurable change in the temperature coefficients of resistance of 


no me 


anv of these gold-chromium coils. 


VI. PRESSURE COEFFICIENT OF RESISTANCE 


The resistance of coil 1 was measured at pressures from 0 to 3 
atmospheres. The pressure coefficient of resistance of this coil deter- 
mined from these measurements was positive, as in the case of manganin, 
and small—the value obtained being 1.1 10~® per atmosphere. 


VII. CONCLUSIONS 


Further investigation has confirmed Thomas’ data showing that 
old-chromium alloy containing 2.1 percent of chromium is well 
suited for the construction of the coils of precise electrical-measuring 
instruments. Although coils made of wire taken from different 
melts, and even coils made of wire from the same melt, have shown 
large differences in their response to heat treatment, it has been possi- 
ble to make the temperature coefficient of resistance of any coil as low 
as desired in the range of temperature 18° to 35° C. Whereas heating 
a coil usually lowers the value of the coefficient, mechanical working 
raises it, and may be resorted to if a negative value of the coefficient 
has resulted from carrying the heat treatment too far. However, for 
highest stability of resistance, the results indicate that mechanical 
working as well as strain in mounting should be avoided. 

The pressure coefficient of resistance of a gold-chromium coil 
was measured and found to be equal to 1.1 107* per atmosphere. 


[am indebted to J. L. Thomas, J. R. Coe, Jr., and D. C. Ginnings 
for data on coils which they have constructed, and to E. F. Mueller 
for helpful discussion. 


Wasuincton, March 21, 1939. 


—_———____ 


‘J. L. Thomas, J. Research NBS 13, 681 (1934) RP737. 
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DISTRIBUTION OF OZONE IN THE STRATOSPHERE 
By W. W. Coblentz and R. Stair 


ABSTRACT 


Measurements of the spectral quality and total intensity of ultraviolet solar 
jiation at a fixed ground station and at various elevations above the earth’s 
face are described. 

‘or making measurements at a fixed ground station at a high elevation (Flag- 

+ Ariz., elevation 2.2 km), a portable ultraviolet-intensity meter, consisting of 

alanced amplifier, 7%-photoelectric cell, and microammeter was used, see 
RPOIT. 
” Fo r measuring solar radiation in the stratosphere, an ultraviolet-intensity meter 
consisting of a Cd-photoelectric cell and filter radiometer, connected with a bal- 
anced amplifier, relaxation oscillator, and radio transmitter) and a radio-operated 
barometer were transported aloft by means of unmanned balloons. The audio- 
frequency modulated radio wave, giving the intensity of the ultraviolet solar 
radiation and the altitude of the apparatus, was received and graphically recorded 
at a fixed ground station, see RP1075. 

In the measurements at Flagstaff, Ariz., a close parallelism was observed in the 
variation in filter transmission with variation in barometric pressure. ‘This is in 
agreement with the well-known variation in the amount of atmospheric ozone that 
accompanies changes in air pressure. No such systematic variation in filter trans- 
mission With variation in pressure of atmospheric aqueous vapor was observed. 

{ notable example is described in which the wave of low barometric pressure 

ded, by 5 to 6 hours, an appreciable increase in atmospheric ozone; appar- 
ly indicating which was cause and which was effect, and suggesting a method 
of studying air circulation in the stratosphere. 

In four balloon ascensions made in June 1938, the photoelectric ultraviolet- 

tensity meter and auxiliary radio-transmitting apparatus attained heights of 
§3,000 to 88,000 ft (25 to 27 km), penetrating about 65 percent of the ozone, the 

st of which was locatized in a layer extending from an elevation of 18 to 27 km, 
with a wide maximum of concentration at a height of about 25 km. At the high- 
est elevation attained by the instruments, the intensity of the ultraviolet of short 
wave lengths was about 10 times that of direct sunlight at sea level. 
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I. INTRODUCTION 


An exploration of the vertical distribution of ozone in the stroto. 
sphere by measuring the intensity of ultraviolet solar radiation yjq! 
a photoelectric cell and filter radiometer [1], at different elevations 
above the earth’s surface, was first considered in 1934 in connectio; 
with the flights of manned balloons [2]. 

The chief problem then was (and still is) the lack of a satisfactory 
photoelectric cell for measuring the ultraviolet intensity. Moreover. 
since nearly all the auxiliary equipment for such an undertaking 
remained undeveloped, but little progress was made in the desigy of 
suitable apparatus prior to the middle of the summer of 1935—to9 
late to take part in the flight of the Explorer II which occurred oy 
November 11, 1935 [2]. 

It was therefore decided to redesign the apparatus to make it trans. 
portable in small, inexpensive, unmanned balloons. This required 
a great reduction in the weight of all the essential parts that must be 
transported. Fortunately, through rapid developments then in 
progress in radio transmission as applied to meteorographs [3, 4], it 
became possible to leave a large part of the measuring and recording 
apparatus at a fixed ground station, and the weight of the apparatus 
to be transported aloft could be reduced to a few kilograms. 

The part of the apparatus that must be sent aloft is relatively iney- 
pensive. Hence, even ii it is lost or broken in the descent, numerous 
flights are possible, and more data are obtainable at a less cost than in 
a single flight in a manned balloon. 

The proposed method, and the first progress made in the develop- 
ment of a radiometric ultraviolet-intensity meter, consisting of a 
photoelectric cell and filter radiometer, and auxiliary radio-transmit- 
ting apparatus, to be transported aloft by sounding balloons, was 
described early in 1936 [4]. 

In the summer of 1937 quantitative measurements of ultraviolet 
solar intensities were obtained to a height of 64,000 ft (19 km) above 
sea level [5, 6]. The failure to obtain measurements at higher eleve- 
tions was due to lack of power in that part of the radio-transmitting 
apparatus controlled by the photoelectric cell. The radio barograph 
indicated that the apparatus attained a height of 78,000 ft (24 km). 

In the meantime, through improvements made in the radio-trans- 
mitting apparatus [7], during the summer of 1938 it was possible to 
secure quantitative measurements of ultraviolet solar intensities to the 
highest elevations (27 km) attained by the transporting balloons. 

The object of the present communication is to describe the results of 
the ultraviolet solar-intensity measurements, obtained, in June 1938, 
by means of a radio-operated photoelectric cell and filter radiometer 


1 Figures in brackets indicate the literature references and notes at the end of this paper. 
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transported aloft by means of sounding balloons; also supplementary 
measurements made in September and October 1938, at the Lowell 
Observatory, Flagstaff, Ariz. (elevation 7,300 ft) for the purpose of 
determining the effect of humidity and of sky radiation upon ultra- 
‘olet intensities, which information is of interest in connection with 
je stratosphere measurements. 
“The sky radiation was measured with a Cd-photoelectric cell pre- 
jously used in one of the stratosphere flights (flight 1). The effect. of 
nidity and of clouds upon the spectral quality of the directly 
-jdent u!.raviolet solar radiation was measured with one of the Ti- 
i le. vic cells and the glass filters used in similar measurements 
made in 1934 [8]. In the present measurements a higher precision was 
obtained than 4 years ago. 


|, RELATION BETWEEN METEOROLOGICAL CONDITIONS AND THE 
AMOUNT OF OZONE IN THE ATMOSPHERE 


Based upon researches of various observers, extending over the past 

jor more years, it appears to be definitely established that, in vertical 
jstribution, ozone exists throughout the whole atmosphere, to a 
height of perhaps 40 km; with the most of it concentrated in a layer 
having a maximum density at a height of 20 to 25 km above sea level. 
It is the only atmospheric gas that has such a stratification. 

In high latitudes (Troms6, 69°40’) the ozone appears to be concen- 
trated in a layer centered at a height of about 21 km above sea level, 
whereas at Arosa, Switzerland (46°45’ N) it is more uniformly dis- 
tributed through the lower 30 km [17], as observed in the present inves- 
tig ation. 

i geographic distribution, the total amount of ozone increases with 
latitude, being about 2 mm in thickness (ntp) at the equator and 3.5 

iu or more in Northern latitudes (Spitzbergen, 78°55’ N). 

i: he ‘re is a seasonal variation in the ozone ae of the atmosphere, 
which is @ maximum in the local spring (March, in the Northern 
Hemisphere) and a minimum in the local autumn [10, 14]. The 
seisonal variation is small at the equator and different in different 
latitudes. The difference between the average ozone content at 
the poles and at the equator is about four times as great in the spring 
as in the autumn [12]. 

The maximum ozone values are associated with air currents which 

t least in the troposphere), in the Northern Hemisphere, have 

recently come from the Arctic. They are particularly high in the 
spring, after the long polar night. Similarly, the smallest ozone 
values are associated with tropical air currents in the troposphere 
il, 14). Nothing appears to be known regarding the circulation of 
tir currents in the ozone layer. According to Dobson [11], it is 
necessary to assume their direction to be opposite to those in the 
ttoposp here in order to support the hypothesis that ozone is formed 
chiefly by sunshine. 

Marked daily variations in the amount of atmospheric ozone occur 
with varying meteorological conditions; relatively large amounts 
being generally observed with low barometric pressures (cyclonic 
regions) and relatively much smaller amounts with high barometric 
pressures (anticyclonic regions) [10, 12, 13]. 
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Although it is presumed [9] ths at the amount of ozone jn 4 
atmosphere i is greater in the morning than in the evening, as is Probably 
to be expected, observers differ in their findings —Goetz and Dobson 
[19] reporting no diurnal variation of ozone, ‘whereas ( Oblentz ay 
Stair [8] recorded occasional variations (less ozone in the afternoo, 
than the forenoon). But whether this variation was due to decom, 
position of ozone, or accompanies a change in barometric pressy; 
(as herein reported) was not determined.” 7 

In addition to this diurnal variation in ozone, Coblentz and Stair ig 
observed also a temporary departure from (above or below) the ge 
sonal average. Whether these variations in ozone content (observei 

at Flagstaff, Ariz., elevation 2,210 m) were caused by cyclonic ay) 
anticyclonic conditions was not determined.® : 

Recently such variations in the amount of atmospheric ozone wer 
observed by Kiepenheuer [15] while making spectral ultrayiolo: 
measurements on the Jungfraujoch (elevation 3,460 m). He ascrihes 
these variations to passing “Ozone clouds” and ‘Ozone holes,” whi¢! 
caused great fluctuations in intensity of ultraviolet spectral radiation 
particularly at the wave length 2880 A. From his description j 
appears that his so-called “Ozone holes’”’ were caused by the circulation 
of masses of air which contained a low concentration of ozone. therehy 
increasing, for a short time, the transparency of the air to ultraviole 
radiation, as observed in the Arizona measurements of 1934 [8]. 

In a recent paper, Meetham [16] reported the results of a study of 
the connection between the amount of ozone in the upper atmosphere 
at any place, and the type of pressure disturbance at sea level. For 
this purpose he made use of the statistical data available, showing 
that over a low-pressure area (a) the tropopause is abnormally low 
(b) the actual shortage of air, which is responsible for the low pres 
sure, occurs chiefly in the stratosphere, and (c) the ozone density is 
unusually large in the lower stratosphere. 

To account for the known facts, he found it necessary to assume an 
appreciable amount of vertical circulation in the stratosphere and he 
added “Distasteful as this assumption is, it provides one more reason 
why turbulence in the stratosphere should be further inv estigated.” 

In the ensuing discussion of this paper, Dobson emphasizes that 1 le 
difficulty in such an analysis lies in separating cause from effect, 
he concludes with the remark that it is “still a matter of doutt 
whether the amount of ozone is affected by the weather —— 
or vice versa.’’ As will be shown presently, with the arrival of t! 
wave of low barometric pressure (on October 5 at Flagstaff, ise) 
some 5 to 6 hours in advance of the high concentration of ozone, it 
would appear that, at least in this particular instance, weather condi- 
tions were the controlling factor (the “‘cause’’) in changing the con- 
centration of ozone. Whether this was the result of an influx of polar 

? The diurnal high air pressure at Flagstaff, Ariz., occurs at about 10 a. m. (and 10 p. m). Hence, if 
should he found to be generally true that the variation in the ozone content of the atmosphere lags some hours 
behind the variation in barometric pressure, then the relatively lower ozone content observed at 1:39! 
Pp. m. would be associated with the diurnal barometric high pressure that occurred at 10:90 to 1/:30 
Evidently a study should be made of this phenomenon, using ultraviolet solar radiation; also infrared 1 
radiation, especially the spectral range comprising the large absorption band of ozone at 9.6 » w! 
within the band of relatively high transparency to atmospheric water vapor and relatively high inte! 
of solar radiation [18, 27] 

3 Since writing this paper, C. O. Lainpland, of the Lowell Observatory, has sent us photographic ¢ 
barograph records which show that on July 24, 27, and 30, 193 4, when the observed filter transmis 
lower (ozone lower) than the average, the air pressure was 2.5 to 3 mm higher than the average; In g00 
ment with the measurements described in Section II (see fig. 4) of the present paper. However, § 


precision attained in these earlier measurements was not comparable with this year’s measurements, 6s 
weight is to be attached to the earlier observations, 


6 


‘a 


falls 
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air conte ining a higher concentration of ozone, or merely fresh oxygen 
that was. then ozonized (as some have speculated), adds another 
eomplic ation to the solution of the problem. 

In view of all the work that has been done during the past 15 or 
more years, it is surprising to find practically no information on the 
time of arrival of the wave of high concentration of ozone relative to 
he time of arrival of the wave of low barometric pressure. This may 
owing to the method of observation, which consisted in Measuring 
hotogrs iphing) the solar ultraviolet spectrum, morning, noon, and 

ening. Hence, there was no continuous record. Kidson [12], 
vorking in New Zealand, in attempting a correlation of ozone with 
harometric pressure, finds the best agreement by comparing the 
amount of ozone on a given day with the barometric pressure of the 
preceding day—a lag of 20 hours or more, in perception of the change 
% the amount of ozone after a change in barometric pressure. 

In concluding this part of the discussion, it is to be noted that all 
the researches show that the low barometer does not appear to be the 
cause, but to accompany the cause, of the ee of ozone. For ex- 

mple, the measurements made by Barbier, Chalonge, and Vassy [20] 

fee the polar winter of 1935 at Abisko, Sweden (Lat. 68°20’ N), 
oe th at the thickness of the ozone layer chi anged from 1.87 mm on 
January 25 to 4.04 mm on January 26, coincident with a great influx 
of Arctic air that extended to Spain. Yet , according to the weather 
map (data supphed by E. W. Woolard of the Weather Bureau), the 
drop in barometric pressure was relatively small—about 2.5 mm 
0.1 1n.). 


be 


I]. ULTRAVIOLET SOLAR MEASUREMENTS AT FLAGSTAFF, 
ARIZONA 


Supplementing the ultraviolet solar-radiation measurements made 
with sounding balloons, described in the following section of this 
paper, it was of interest to obtain similar measurements of spectral 
quality and total intensity through a cloudless sky at a terrestrial sta- 
tion having a high elevation. 

Through the courtesy of V. M. Slipher, Director of the Lowell 
Observatory, Flagstaff, Ariz., elevation 7,300 ft. (2,210 m), it was 
possible for one of us (W.W.C.) to make ultraviolet solar-intensity 
measurements, thus extending the investigation begun in 1934 [8]. 

Information on the variation of the amount of ozone in the atmos- 
phere is obtained from measurements of the spectral quality and 
total intensity of ultraviolet solar radiation of wave lengths shorter 
than about 3200 A, which are greatly absorbed by this gas. The 
measurements are made by means of a portable ultraviolet-intensity 
meter [1] consisting of a Ti-photoelectric celi and filter radiometer, 
in which the photoelectric current, after amplification, is me: asured 
ol a precision microammeter. 

The Ti-photoelectrie cell responds only to wave lengths shorter 
a in about 3400 A. The filters used are opaque to wave lengths 
wiging from 2950 to 3100 A. The spectral band measured therefore 
C01 mprises; (a) the component transmitted by the filter, consisting 
of Wave lengths between about 3100 and 3300 A that are affected but 
tle by ozone absorption, and (b) the component intercepted by the 





578 Journal of Research of the National Bureau of Standards, ‘ 


filter, consisting of wave lengths shorter than about 3100 A thot ¥. 
in the region of great absorption by ozone, and, hence, are easily 7 
fected by a change in concentration in (or the length of path throyet, 
the layer of ozone traversed by the solar rays. Moreover, the p| igh 
electric cell is about 60 to 70 times more sensitive at 2900 A than ; 
the region of 3300 A, which is practically the long-wave-length |i», 
of photoelectric response of the Ti-cells used. . 

As a result of this high selective response of the photoelectrie ¢9\) 
a slight change in the amount of ozone in the path of the solar py. 
has an appreciable effect upon the atmospheric transmission of y|};5. 
violet at 2900 to 3100 A and, hence, upon the percentage transmissipy, 
of the filter, which increases with increase in the amount of ozone jp 
the atmosphere. : 

Consequently, with the well-known increase in the amount of atmos. 
pheric ozone that occurs during a cyclonic (low pressure) disturbanep 
there should be (and is) observed an appreciable increase in the per. 
centage transmission of the filter for a given air mass (say, m=]; 
relative to the value obtained on days of average barometric pressiir: 
Similarly, as will be noted presently, with the relatively much smaller 
amount of ozone that is known to be present in an anticyclonic (high 
pressure) area there should be (and is) observed an apprecial)ls 
decrease in the filter transmission relative to the value observed oy 
days of average barometric pressure [30]. 
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1. MEASUREMENTS OF SKY RADIATION 


In the radiometric measurements of 1934 at Flagstaff, Ariz., it was 
found [8] that, in an angle of about 22° surrounding the sun, the sky 
contributed about 0.5 to 0.4 percent to the total ultraviolet sola: 
radiation measured. In connection with the stratosphere ultraviole 
solar radiation measurements it was of interest to determine the 
amount of cloudless sky radiation relative to the total (sun + sky) that 
could enter the photoelectric cell. In the balloon ascensions the sky 
was never cloudless. Hence, the herein-described measurements are 
minimum values for an altitude of 7,300 ft—clouds near the sun 
would increase the amount of sky radiation. 

The measurements of sky radiation were made with (1-photo- 
electric cell No. 38303, previously used in the stratosphere flight made 
on June 16, 1938 (see fig. 9). For this purpose the window of the 
photoelectric cell was covered with two diffusing screens (four fine 
ground surfaces) of Corex-A glass, over which was mounted an opaque 
shield with an opening 17 mm in diameter, shown (at Cr) in figure 6, 
as used in the stratosphere flights. 

For measuring sky radiation, the Cd-photoelectric cell was mounted 
in a container without the protruding vestibule shown in figure | of 
a previous publication [8]. In this manner the interior of the phot- 
electric cell was exposed to the sky comprised in an angle of about 
128°, as used in the stratosphere flights, and in contrast with an 
aperture of 22°, as the instrument is ordinarily used [8]. By meats 
of black cardboard disks, 17 to 40 mm in diameter, supported « 
various heights above the window, the direct solar rays and, in some 
measurements, additional parts of the sky could be excluded from the 
photoelectric cell. By turning the photoelectric cell through 90° (1 
the same azimuth), a measurement was obtained of the amount 0 
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sy radiation in a solid angle of about 128°, with its central axis 
ected at the antisolar point. 

\feasurements of ultraviolet sky radiation of wave lengths less 
‘han about 3300 A are depicted in figure 1. The data in the upper 
vart, A, of the illustration were obtained by shadowing the opening 
of the photoelectric cell with a disk 18 mm in diameter situated 17 cm 
shove the surface of the window. The air mass represents the solar 
ieight or column of air passed through by the directly incident solar 


{ 


Tavs. 

The upper part, A, of figure 1, depicts the percentage of ultraviolet 
ky radiation relative to the total (sun plus sky) radiation incident 
pon the window of the photoelectric cell, exposed normal to the sun. 
Kor any given solar height (column of air traversed; air mass, say, 
» -).4), the ultraviolet sky radiation comprised in a solid angle of 128° 
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FicurE 1.—Part A, ultraviolet sky radiation relative to the total incident (sun plus 
sky) radiation for different solar heights, i. e., column of air traversed by the directly 
incident solar rays; part B, ultraviolet sky radiation from the antisolar point, 1. ¢., 
90° from the sun. 





varies from 20 to 30 percent, depending upon scattering by dust par- 
ticles, as indicated by the width of the corona around the sun, and, 
to some extent, upon the pressure of aqueous vapor (1. e., the amount 
of precipitable water), indicated at the top of figure 1. 

The lower part, B, of figure 1, gives the amount of ultraviolet sky 
radiation in a solid angle of 128°, centered on a point 90° from, and 
in the same azimuth with, the sun (the antisolar point) compared with 
the amount of directly incident solar radiation (i. e., sun minus sky 
radiation mentioned in the preceding paragraph). 

The sky radiation from the antisolar point is more uniform from 
day to day and in that respect less dependent upon atmospheric 
water vapor. The measurements at 10:32 a.m. and 11:17 a. m. on 
October 5 are interesting, because they were made between sets of 
filter-transmission measurements (fig. 3), with a 7i-photoelectric cell 
having an opening of 22° to the sky. 

From the fact that the sky radiation on October 5 was the lowest 
S observed during the course of the whole series of measurements, it 
appears that the high values of the filter transmissions depicted in 
igure 3, and the total intensities in figure 2, are affected but little by 
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scattered ultraviolet radiation, as compared with the effect of Varig 
tions of ozone in the stratosphere. ’ 


2. DIURNAL VARIATION IN ULTRAVIOLET SOLAR RADIATION 


The present measurements of the total intensity and spectra] que 
ity (spectral-energy distribution) of ultraviolet solar radiation of <| hort 
wave lengths were made with the photoelectric cell, Ti-/, and {ij 
used in 1934 [8]. The so-called rainy season sec med to conti 
longer and there appeared to be more cloudiness this year than qyp. 
ing the same season 4 years ago. Measurements were therefore Made 
only on the clearest days. | 

In figure 2 are depic ted various measurements of total (integrated 
intensities of ultraviolet solar radiation of wave lengths shorter ¢| 
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Figure 2.—Ultraviolet solar intensities on different dates, and different solar 
altitudes—air masses traversed by the directly incident rays. 


about 3300 A. The intensities are relative values; that is, deflec- 
tions of the microammeter needle. 

The main point of interest in these curves is that there is a tendency 
for the intensities observed on days of high barometric pressure 1 
higher than on days of average air pressure (see fig. 4). A notable 
example is the series of intensity measurements made on October j 
which, even for a large air mass (m=3.05 at 8:23 a. m.) was about 63 
percent higher than the best values previously observed. Howeve! 
by afternoon the intensities decreased to the lowest values ones ve 
during the season, in spite of the fact that (judged by the sma 
of the solar corona) the sky continued to be clear and relatively 
from nuclei. The reason therefore is to be found in the increase 1! 
ozone content, as interpreted from the filter transmission depicted 1 
figure 5. 

In figure 3 are shown the transmissions of the four filters used 
(Ba-3, Ba-1, Ni, and Cz-D, previously described [8]) for various ail 
masses not a by the solar ultraviolet rays. The various sym! 
depict the transmissions on different days that may be identified b 
comparison with figure 4. 
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The accuracy attained in the measurements of the percentage 
transmissions of the filters is relatively high. That is to say, two sets 
of measurements, made in succession at intervals of 1 to 2 minutes, 
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Variation in transmission of the filters with solar altitude on different dates that may be 
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differed by only 1 to 3 parts in 500; and this difference was frequently 
ascribable to a change (of only Am=-0.01) in the air mass traversed by 
thesolarrays. The precision attained in the measurements ts ascriba- 


ble to improvements in the ultraviolet-intensity meter and to unusual 
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meteorological conditions (uniform barometric pressure and ag cle 
sky), which makes it possible to correlate the change in Neetenten 
transmission of a given filter (e. g., Ba—1), from day to day, even thoust 
the numerical values differ by only a few percent. ‘ si 

It is to be noted that for any one filter the ultraviolet transmission. 
fall into two groups; the upper curve, as will be noticed in figure 4 
belonging to average air pressures and the lower curve belonging t, 
high barometric pressures. Variations in pressure of aqueous vapor 
which ranged from 5 to 11 mm, show no systematic effect upon the 
filter transmissions—partly because water vapor has no selective 
absorption in this spectral region. 

The points marked 7.7.C. represent measurements through thip 
cirrus clouds that suddenly appeared. The measurements of October 
3 are especially noteworthy because part of the sky, from the zenith 
southward, became overcast with a thin diaphanous sheet of cirrys 
clouds, in long rolls (‘corrugation in cirrus’’) that were practically 
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Figure 4.—Graphs showing the percentage transmission of a certain filter (Ba-!), 
and the barometric pressure on different dates. 





stationary for some 8 to 10 minutes; permitting a complete series of 
filter measurements, which show that (water) ice spicules have practi- 
cally no selective absorption in the ultraviolet, as previously observed 
through a thin fog [8]. 

Most important are the filter transmissions on October 5, which were 
conspicuously low early in the forenoon (table 1) and gradually w- 
creased to high values in the afternoon (see dotted curve in fig. 3). 
The arrows show two series of measurements, indicating turbulence 
that continued for more than half an hour. 

Since it requires from 7 to 10 minutes to complete a series of measure 
ments with a set of four filters, and since all values in each series depart 
consistently in the same direction from the average curve, it appeals 
that this irregularity in the measurements of October 5 is not caused by 
errors in observation. Incidentally, it is relevant to state that, eacl 
time, before making a set of measurements the filter was wiped with& 
soft linen cloth, or with a fine-haired brush, and examined in reflected 
light to ascertain that no dust or lint adhered to the surfaces (attracted 
by electrostatic charges—a common occurrence in a dry climate), this 
reducing the percentage transmission. 
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3. CORRELATION OF ATMOSPHERIC TRANSMISSION OF ULTRA- 
VIOLET SOLAR RADIATION WITH BAROMETRIC PRESSURE 


As noted on a preceding page, it is well established that a change in 
barometric pressure is accompanied by a change in the ozone content in 
the upper atmosphere; high ozone values accompanying low-pressure 
areas and vice versa. Hence, these variations in atmospheric ozone 
should affect the filter transmissions. That is to say, relatively higher 
flter transmissions should be observed when the barometric pressure is 
low, and vice versa. 

In order to separate this effect from the variation in filter transmis- 
sion with solar height (air mass traversed by the rays, depicted in fig. 
9)itis necessary to compare the data for a particular air mass traversed 
by the rays. For the purpose of the present paper, an air mass of 
m=1.55 is used; or the solar height at 9:15 to 10:30 a. m. (MST), 
depending upon the time of the year. , 

In figure 4 the lower curve gives the barometer readings (in inches; 
reduced to sea level) on different dates. The atmospheric pressure 
data taken from the barograph record at the Lowell Observatory 
 ('L. O.”), which is at a somewhat higher elevation (80 m) than the 
U.S. Weather Bureau (‘“W. B.’’), are in good agreement with the 
mercurial barometer readings supplied by the Weather Bureau. The 
latter measurements are made at 5:30 a. m. (MST). 

The upper curve in figure 4 gives the percentage transmission of the 
filter, Ba-1, [8] for air mass m= 1.55 on different dates. The particular 
titanium photoelectric cell used was Ji-1 [8, 21]. 

The point of interest in these two curves is that after September 1, 
when the so-called “rainy season’ had practically terminated, there 
isa fairly systematic correlation of high barometer readings and low 
transmissions (marked ‘‘H’’ and “‘L’’ in fig. 4) and vice versa; par- 
ticularly after September 13, when the barometer continued relatively 
“high” (about 30.0 in.) until after October 3, 1938. During this time 
the filter transmissions remained conspicuously lower than the values 
obtained prior to September 12 and higher than the average for that 
tine of the year [21]. Unfortunately, cloudy weather prevented 
making measurements during the time of high barometric pressures 
between September 26 and October 2. 

While observations were in progress it was noted that on September 
5 the filter transmissions were irregular—“high in a clear sky,” except 
fora short while when they were low for m=1.3; and they were “low 
form=1.15 to 1.5—forenoon and afternoon” on September 9. Since 
completion of the measurements a study has been made of these 
results, and as shown in figures 4 and 5, the reason for these variations 
Is apparent. 

In his investigations of the variation in atmospheric ozone with 
meteorological conditions in the southwestern part of the United 
States, Kimball [12] has shown that, during the months of August and 
september, surface pressure conditions in Southern California are 
dominated almost continuously by a “Pacific high” and a “Yuma 
low” barometric-pressure area. Apparently, from the daily weather 
naps and from figure 4, this effect extends to Flagstaff, Ariz., where 
(during these measurements) the barometric pressure remained 
remarkably uniform, with only one small marked (‘‘low’’) cyclonic 
disturbance, which arrived an hour or so in advance of the usual 
diurnal low on October 5. 
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4. VARIATION IN ATMOSPHERIC TRANSMISSION OF ULTRAVIOLE? 
SOLAR RADIATION WITH TURBULENCE IN THE OZONE LAYER 


As already noted in the review of previous observations on the y, 
iation of the amount of atmospheric ozone with weather condition, 
it is uncertain which is cause and which is effect [16]. Presumably : 
the variations in the filter-transmission measurements made On 
September 5, and in the measurements of 1934 [8], were caused by 
turbulence in atmospheric ozone. : 

In connection with the question of convection and turbulence 
the ozone layer, the most important and far-reaching results wer 
obtained on October 5, when a barographic “low” was registered a 
4 a. m.‘ and continued (excepting the usual slight rise to a Seakdenca! 
between 10 to 11 a. m.) throughout the next :. days. 

In view of the unusual measurements obtained on this date, it js 
relevant to include a brief description of meteorological conditions oy 
October 5. During all the preceding measurements, there had bee, 
but little wind; only light breezes from the south or southwest. ()p 
October 5 there was a strong, at times gusty, wind from the southwest 
(or SSW) during the greater part of the day. At the start (8-9 
a.m.) and continuing until noon, the corona of scattered light around 
the sun was exceedingly small. By 1:30 p. m. the coronal scattering 
seemed wider, and by 2 p. m. the sky near the sun was conspicuously 
whiter. Small fracto clouds appeared in the east by 3 p. m., and the 
measurements were then terminated. 

Evidently conditions in the stratosphere had been changing ji imper- 
ceptibly all day. This is shown by the filter transmissions. If it 
had been simply a question of the condition of the sky, as it epee 
to the éye, then the filter transmissions on the afternoon of October 
should have been below, instead of above, the average of the seaso 

At the start (8:20 a. m.), the filter transmissions were, for the sar 
air mass, about the same as observed on October 3. But by | 10: 50 
a.m. the transmissions had increased to the average, and by 3 p. m 
the concentration of ozone had increased to such an extent that the 
filter transmissions greatly exceeded all values previously observed 
through that air mass (m=1.65). 

In figure 4 the filter transmissions of October 5 indicated at 8:50 
and 9:35 a. m. (MST) represent the values that would have been 
observed through an air mass, m=1.55 (at 10:30 a. m.) if, in the 
meantime, in each case, the amount of ozone had remained the same 
as at the time when the measurement was made (i. e., through air 
masses m=2.5 and m=1.9, respectively—see fig. 3). The pout 
depicted at 2:46 p. m. was observed through an air mass n=l 
(table 1). It shows the rapid increase in ozone in the same air ma 
since 10:30 a.m. The highest point, 52.5 percent, was observed at 
3:05 p. m. (actual value, 53.1 percent; m=1.64). Tncidentally, it 18 
relevant to note (table 1) that the pressure of aqueous vapor (amoun 
of precipitable water) was low and changed but little during these 
measurements. 


in 


4 The diurnal variation in air pressure is much smaller in magnitude and the “‘low’’ occurs regularly st 


about 5:30a.m. It is a mere coincidence that the cyclonic low happened to arrive about the same time. 
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In figure 5 is shown the change in transmission of the filter, Ba-1, 
with increase in the amount of ozone during the day. For compara- 
tive purposes the observed transmissions are reduced to the values 
that would have been observed through an air mass, m=1.55, as 
described in the second preceding paragraph. 

In this illustration the barometer readings, ‘‘29.18 in.,” ete., are 
he uncorrected values read from the barograph record. For com- 
jarative purposes the barograph record of September 24 is set to the 
same scale (29.18 in.) to show the somewhat larger increase in pressure 
shat usually occurs during midday. The corrected pressures (29.85 
and 30.0 in., respectively) for these dates may be read from figure 4. 
4 significant part of this illustration is the observation that the 
change in barometric pressure preceded by some 5 to 6 hours the 
jivection (or formation) of an appreciable amount of ozone above 


) 





TRANSMISSION __, 
BAROMETER  OCT.5,1938 |” 

Ba-t 452 
esha m =1,55 


m=, 55 AVERAGE 
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Ficure 5.—Change in transmission of ultraviolet solar radiation through the filler, 
Ba-1, caused by a change in atmospheric ozone, on October 5, 1938. 


he average that obtained during the preceding days of relatively 
igh atmospheric pressure. 

Another significant point in this illustration is the irregularity in 
the increase in the transmission of ultraviolet through the filter, show- 
ing that this influx (or formation) of ozone is irregular, turbulent; a 
phenomenon that should, no deubt, be expected. Whether the small 
increase in barometric pressure had a stabilizing effect in keeping the 
filter transmission uniform at the noon hour (see fig. 5) is an inter- 
esting question. 

In conclusion, it may be noted that the observed change in filter 

transmission represents an increase of 8 to 10 percent in the amount 
of atmospheric ozone during the barometric low pressure of October 
5, 1938. 
Supplementing the above cited references [10 to 14], showing varia- 
tions in the amount and distribution of ozone in the upper atmosphere, 
the foregoing measurements on the variation in transparency of the 
atmosphere with meteorological conditions supply additional evidence 
showing that such variations from day to day are to be expected. 
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5. AIR-MASS ANALYSIS OF OCTOBER 5, 1938 


Since writing this paper, Edgar W. Woolard, Chief of the Diyisi, 
of Meteorological Research (U. S. Weather Bureau), has sent ys 
analysis of the weather maps for October 3 to 7, inclusive. prepare 
by the personnel of his Air Mass Section. His report dated January 
19, 1939, is as follows: i 


Frontogenesis appears in Utah and Arizona on the 7:30 a. m., EST, map of 
’ 4} 


i 


October 5 due to cooler air flowing in from the northwest as indicated by th, 
San Diego meteorograph ascent. sia as 

As this cool air passed over the warm surface of Arizona, Southern Utah. ay, 
New Mexico, it was heated rapidly at low levels wiping out the discontinyis, 
between air masses over the great basin. However, this cooler air is still obseryo, 
aloft on October 6, causing the steepened lapse rates at Cheyenne, Wyo.: Sait 
Lake City, Utah; and El Paso, Tex. ceo 

Another influx of colder air from the northwest (note temperature drop at 
San Diego, Calif.) created a new cold front on the morning of October 7 throug! 
Southern Utah and Arizona. , 

The weather map of October 5 accompanying Dr. Woolard’s report 
is interesting in showing that the position of the cold front (eP+m7}- 
polar continental+ tropical maritime—steep lapse rate, air cooler 
than surface) was over Flagstaff and Phoenix, Ariz., at 11:30 a. m. 
(MST), which, as shown in figure 5, is about the time that the influx 
of ozone began to stabilize, and maintain a fairly uniform concentra- 
tion for the next 2 to 3 hours. Whether this has any significance can 
only be determined by repeated observations. The foregoing report 
is included for completeness of record of various phenomena involved 
in this investigation. 


III. EXPLORATION OF THE VERTICAL DISTRIBUTION OF 
OZONE IN THE STRATOSPHERE 


Under the present heading is given a description of the results ob- 
tained during June 1938 in measuring ultraviolet solar intensities and 
thereby in determining the vertical distribution of atmospheric ozone 
at various elevations above the earth’s surface. The apparatus and 
methods used are essentially the same as previously employed [5, 6] 
but embody improvements that naturally develop as the result of the 
discovery of weak points that are found in the course of development of 
any new project. The chief improvements were in the radio-transmit- 
ting system [7], whereby it was possible to measure ultraviolet intensi- 
ties to the height (25 to 27 km) attained by the transporting balloons; 
in contrast with last year’s ascensions, when, as already stated, the 
ultraviolet-intensity measurements ceased at 19 km (64,000 ft.) 

Briefly summarized, an ultraviolet-intensity meter, consisting of 
photo-electric cell and filter radiometer, connected with an audio- 
frequency generator and radio transmitter, is transported aloft by 
means of unmanned balloons. The height attained by the balloonsis 
indicated by a radio barograph. The radio signals giving the altitude 
of the apparatus and the ultraviolet intensities are received and 
recorded graphically at a ground station. In this paper only the 
improvements in apparatus and methods, with brief references to the 
previous paper, will be given. 
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1. DESCRIPTION OF THE RADIO-OPERATED ULTRAVIOLET- 
INTENSITY METER 


An earlier model of the ultraviolet-intensity meter, consisting of a 
spherical-shaped photoelectric cell and filters which controlled a radio- 
gave transmitting device, was described in previous papers [5, 6]. 
Unfortunately, the interior coating, which constitutes the photo- 
geusitive surface of the cell, was not so uniform in response as in the 
cells used a year ago. Hence, to minimize this defect the window of 
the photoelectric cell was covered with two superposed fine-ground 
diffusing plates of Corex A glass (Cz, with a black paper window 17 
mm in diameter; fig. 6) instead of one diffusing plate, as used a year 
ago. This produced a fairly uniform response curve for different 
angles of incidence, somewhat similar to the response curve shown in 
fv. 6 of the previous paper [6]. 

‘In figure 6 is shown a photograph of the assembled apparatus, 
housed in a balsa-wood box, open at the top and front to show the 
most important parts of the apparatus. The relaxation oscillator and 
radio transmitter occupy the rear half of this box. 

The present ultraviolet filter apparatus differs from that used a 
year ago in that all four of the elliptical openings in the cardboard disk 
were covered; two of the openings being covered with glass filters 
(Fin fig. 6), and the other two openings with thin perforated metal 
screens, S, the holes of which were drilled of a size to transmit approxi- 
mately 30 and 50 (actually 27 and 48) percent, respectively, of the 
total incident solar radiation. These perforated metal screens 
(thickness 0.06 mm) served two important purposes: (a) being non- 
selective in transmission, the ratio of the intensities (scale readings 
on the electronic frequency meter) observed through these screens 
served as a check on the measurements with the glass filters; and (b) 
all the scale readings on the frequency meter and recorder being re- 
duced to about the same size (fig. 8), it was possible to use a larger 
amplification of the scale readings at the ground level, and yet keep 
the recorder arm from going off the scale at the highest elevations 
(highest ultraviolet intensities), which occurred on one of the ascents 
in 1937, when the amplification of the scale reading was too high. 

From the numerous details described in the previous report [6] 
it is relevant to note that the electric motors used in rotating the 
filters over the window of the photoelectric cell were of the same type 
as used in 1937. 

Before making the ascents, each photoelectric cell outfit was cali- 
brated against a standard of ultraviolet radiation [22]. As will be 
noticed later in this paper, with the much greater stability in this 
year’s radio-transmitting device, the ultraviolet intensities, measured 
on different flights, are in much better agreement than obtained last 
year. 


1, DESCRIPTION OF IMPROVEMENTS IN THE RADIO CIRCUIT OF 
THE PHOTOELECTRIC ULTRAVIOLET-INTENSITY METER 


In a previous paper [6] brief mention was made of improvements in 
the photoelectric ultraviolet-intensity meter which, combined witi: 
the radio-operated barometer, is traiisported in unmanned balloons. 
As there stated, in the new instrument a stable electric circuit is ob- 
tained by amplifying the photoelectric current before it reaches the 
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relaxation oscillator. Furthermore, the sensitivity of the entiy 
unit is automatically tested each time the barograph interrupts the 
ultraviolet signal to give an indication of the altitude. , 

The instrument shown diagrammatically in figure 7 and briefly 
described in detail elsewhere [7] virtually combines the balanced qj. 
rect-current amplifier [1] (previously designed for precision work in 
the laboratory) with a relaxation oscillator and short-wave transmitter 
similar to that developed by Diamond and _ his collaborators [3] 
Wired in this manner, sufficient power and sensitivity are availablg 
for the relaxation oscillator to operate under normal circuit constants 
(voltages, resistances, capacitances) and, hence, in a condition of 
stable equilibrium. 

For a given photoelectric cell the sensitivity of the instrumon; 
depends upon the circuit constants of both the relaxation oscillato; 
and the direct-current amplifier. Referring to figure 7, in the relaya. 
tion oscillator, keeping the other constants of the circuit fixed, the 
sensitivity is inversely proportional to the capacitance of C,. The 
value of R, determines the base frequency of the oscillator with no 
light on the photoelectric cell. 

In the balanced amplifier, with the plate voltages and resistances 
adjusted for proper operation, the sensitivity is increased or decreased 
by a change in ,. 

In operation, as a small motor rotates the disk, D (fig. 7; see also 
fig. 6) carrying various filters over the photoelectric cell, the direct- 
current amplifier becomes unbalanced in a degree proportional to the 
intensity of the light incident on the cell. This unbalance in the 
late circuit of the amplifier (also a part of the grid circuit of the re- 
‘ne oscillator 1A6) causes an increase in the charging rate of the 
condenser, C;, and, hence, the audio frequency of oscillation. Tests 
of the several instruments built and used in the 1938 flights gay 
frequency changes which were linear with variations in light intensity 
to within about 1 percent throughout the range of 50 to 200 ¢;s. 

The potentiometer arrangement, K, (fig. 7) consisting of two 
type-Z Penlite cells, shunted by approximately 120,000 ohms, is 
connected with the barograph, B, which impresses fixed potentials 
on the grid of tube T-1 each time the contact arm reaches one of the 
segments of the pressure switch (see also PS in fig. 6). This in tura 
causes an increase in audio-frequency oscillation indicative of the 
absolute sensitivity of the complete instrument (see B, C, or D in 
fig. 8). In practice, the contacts, 6 and f, (see fig. 7) are used as 
reference points of altitude only while the more numerous contacts, 
c, are used for both sensitivity calibration and altitude determination 

The aim has been to make the various units in this instrument small 
and light in weight and yet retain materials of sufficiently good quality 
to insure precision operation. Most of the resistor units are of the 
standard 0.5-watt type. The batteries are of minimum size sufficient 
to give about 3 to 4 hours of dependable operation. To give more 
reliable and stable operation of the direct-current amplifier, S. 5 
White or wire-wound resistors are used in the grid and plate circuits 
of this part of the instrument. This precaution is very important 
since a small change in these resistances may shift the audio-frequency 
base level (G@ in fig. 8) off the scale in either the positive or negative 
direction. A slight drift (usually downward) generally occurs during 
a flizht. This is not a serious matter, however, so long as the drifts 


16 




















hiGuRE 6.—-Assembled stratosphere ultraviolet-intensity meter, housed in  balsa- 
vood box, open at the top and front, showing the photoelectric cell, P, covered with a 
d ff ising window Cx; the two glass filters, FE’: the two perforated metad screens, S 
the radio-barograph, B, and pressure switching device, PS; the cover with hole, I, 
that exposes the photoe lectric cell to the sun; and part of the radio accessories 
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not sufficient to reach the nonlinear portion of the scale (toward the 
lower frequencies) because the absolute sensitivity of the complete 
instrument (amplifier and relaxation oscillator) is checked each time 


a barograph contact is made. 


3. DESCRIPTION OF A BALLOON-FLIGHT RECORD 


In a previous paper [5, 6] a description was given of the ground. 
station receiving and graphically recording apparatus, consistine fg 
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Figure 8.—Reproduction of two parts of a graphic record of the ascension of 4 
stratosphere ultraviolet-intensity meter, showing the change in frequency (ordinates 
with change in intensity of ultraviolet radiation transmitted through the glass 
filters; also the audio-frequency signals, A, B, C, D, E, F, of the radio-barograp! 
showing the method of identification of the different altitudes attained. 


super-regenerative receiving set, an electronic-frequency meter, an 
amplifier and electrical filter, and a recorder. To save time in the 
subsequent calculations, the values of the audio frequencies, emitted 
from aloft by the radio transmitter, were read directly on the dial of 
the electronic-frequency meter and written on the corresponding part 
of the graphic record shown in figure 8. 

Referring to figure 6, it may be noted that, as the disk rotates, the 
large opaque spaces between the filter, /', and the two perforated metal 
screens, S, act as a shutter to exclude solar radiation from the photo- 





tiv 
ane 
asc 
pul 
It i 
(te 
rel 
ren 
at 

apy 
193 


Star 
thie 
Apr 





Atmospheric Ozone Distribution 595 


slectric cell; and the lowest audio frequencies recorded (between the 
lower horizontal lines marked 1.0 and 1.5, fig. 8) are reference fre- 
quencies, analogous to a graphic record of the scale reading of a 
valvanometer. : ; 

~ Jn one complete rotation of the disk there are recorded four deflec- 
tions of the recorder arm, representing four ultraviolet intensities; two 
through the glass filters, ¥, and two through the perforated metal 
<reens, S, shown in figure 6. 

~ As noted in the previous paper [5, 6], with change in elevation, the 
um of the radio-operated barometric-pressure apparatus crosses the 
metal contacts on the pressure switching element (PS in fig. 6) and 
an entirely different audio-frequency note is emitted, as indicated at 
the points A, B, C, ete., figure 8. As already noted, the direction and 
the magnitude of the audio-frequency indication on the recorder 
serve to identify the altitude attained in the flight [28]. 


(2) NOTES ON THE SIX FLIGHTS 


The weight of the complete apparatus including the rubber shock 
cord was close to 5 lb (2.3 kg). In all the flights latex balloons 
model 750 (the average weight in grams), made by the Dewey & 
Almy Chemical Co., were used. 

The apparatus was transported by three, four, or five balloons which 
were inflated with hydrogen to exert a total pull of about 10 lb, as 
determined with a small spring balance. When three balloons were 
used (each lifting 3 lb) the rubber was already under strong tension 
before ascension. When five balloons were used (each one inflated 
to lift about 2 lb; total pull, in quiet air, 11 lb) the rubber bags were 
not fully distended. Nevertheless, in each flight one or more of the 
balloons burst before reaching an elevation of 90,000 ft, showing 
that the heat and photochemical action of the (ultraviolet) solar 
rays, and presumably atmospheric ozone (and not the degree of 
distension of the rubber) were the cause of the failure of the balloons. 

As regards the rate of ascent, it is relevant to record that this ap- 
pears to depend on the total lifting force exerted, with little or no 
dependence upon the number of (i. e., interference by the) balloons. 
For example, in flights 1 and 2, using three and four balloons, respec- 
tively, and a lifting force to 9 to 10 lb, the rates of ascent were, respec- 
tively, 950 and 940 fpm. In flights 4 and 5, each using four balloons, 
and a total lifting force of 10 and 11 lb, respectively, the rate of 
ascent was 1,000 fpm. In flight 6, using five balloons and a total 
pull of 11 lb, the rate of ascent was 1,020 fpm. In this connection, 
it is of interest to note that in all of these ascents, when the balloons 
(tethered at different heights from a common meeting point [5, 6]) were 
released they moved outward, as the result of air streaming, and 
remained in that position in their flight. All the ascents were made 
at Beltsville, Md. Out of six flights there were four recoveries of 
ae, as compared with five recoveries out of six flights made in 
937, 


Flight 1.—Unit No. 6. Transported aloft by means of three balloons. Ascent 
started at 11:12 a. m., EST, on June 16, 1938. Balloons drifted NNE, through 
thick clouds—no sun. Descent started at 1:05 p. m., last signal at 2:10 p. m. 
Apparatus was recovered at about 3:30 p. m., at Connicldian, Md., about 50 miles 
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southeast of the starting point. Finder reported that two balloons had burst 
Maximum height attained was 82,700 ft. es 

Flight 2.—Unit No. 6. Transported by four balloons. Quiet ascent, driftin, 
ESE. Sky covered with thin fracto-cirrus; a little sunlight through the eloya. 
at the start. Ascent started at 10:29a.m.on June 18. Descent started at 12-05 
p. m.; last signal at 12:40 p. m.; no recovery of apparatus. Maximum height 
attained was 88,200 ft (26.5 km). i 

Flight 3.—Unit No. 4._ Transported by four balloons. Sky lightly overcast a 
start; thick overcast a short while later. Quiet ascent SSW. Ascent started a 
10:53 a. m., June 20. Apparatus visible to W. at 11:03 a.m. Noise after 1.18 
a. m., altitude 26,000 ft. Radio silent after 11:27 a.m. No recovery. isa 

Flight 4.—Unit No. 2. At the start there was sunshine through thick hazy sky 
later fraecto-cumulus clouds. Quiet, four-balloon ascent, drifting SSE. Ascent 
staried at 10:47 a. m., June 23; good record to 50,000 ft. Radio off at 11:35 a. m, 
balloons still rising. Apparatus recovered at 3 p. m., two balloons still inflated’ 
at Union Mills, Md., about 43 miles north of starting point. i 

Flight 5.—Unit No. 1. Sky turbid. Quiet, four-balloon ascent, drifting N 
then NNE. Ascent started at 10:42 a. m., June 25; good record to top—close 
to 88,000 ft. Descent started at 12:30 p. m.; signals received until 2:05 p. m. 
Instruments recovered at 2:30 p. m. by a forest-fire lookout (stationed about 7 
miles northeast of Manassas, Va.) who witnessed the two-balloon descent and 
recovered the instruments from the top of a tal] tree. Maximum altitude attained 
was 87,300 ft. 

Flight 6.—Unit No. 2. This was the second flight of this set of instruments, 
this time with five balloons. The ascent started at 10:51 a. m., June 30; and the 
descent, which began at 12:20 p. m., was followed till 2:05 p. m., when the signals 
became weak, although subsequently the sky was reported to have been “very 
clear” at that hour. The apparatus, with two balloons still inflated, landed at 
3:30 p. m. in an orchard near Adelina, Md., about 40 miles southeast of the 
starting point. Maximum altitude attained was 86,000 ft. 


In all these flights it is interesting to note that the place of landing 
of the apparatus was at relatively short distances from the starting 
point and in a region that usually was situated in an entirely different 
direction from that noted when the ascent was begun. In view of the 
interest in these flights, relative to radio fadeouts, the Radio Section 
of the National Bureau of Standards reported that no fadeouts occurred 
in the radio signals; except on June 30 when there was a fadeout at 
10:04 a. m., lasting until 10:30a.m. On this same day, between 12:44 
p. m. and 12:58 p. m., a slight fadeout was noted at the Toronto, 
Canada, receiving station. 

Aside from the decrease in intensity of our ultraviolet-intensity 
radio signals at 2 p. m., which was ascribed to clouds (although later 
inquiry elicited the information that the sky had been “very clear’) 
there is nothing in our ultraviolet-intensity measurements that indi- 
cates a connection between the radio fadeout and the ozone distribu- 
tion in the atmosphere. 


4. EVALUATION OF THE ULTRAVIOLET-INTENSITY 
MEASUREMENTS 


The evaluation of solar ultraviolet intensities in the stratosphere 
involves no assumptions. The calculations require a knowledge of (8) 
the spectral-response curves of the photoelectric cells (shown in fig. 3 
of ref. [6]); (b) the spectral ultraviolet transmissions of the filters 
(practically the same as LS and Ba-/ in fig. 3, ref. [6]), as employed in 
calculating data secured with our standard photoelectric-intensity 
meter at a ground station [21]; and (c) the spectral-absorption coefli- 
cient of ozone. Numerous determinations of the spectral-absorption 
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coefficients of ozone in the atmosphere (required in the herein- 
iscribed Measurements) are in close agreement with similar meas- 
»rements on ozone prepared in the laboratory [23]. 

~ Another important factor that enters into our calculations is the 
shape of the solar spectral-energy curve, of wave lengths shorter than 
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FiaurRE 9.—Variation in ultraviolet intensity (audio-frequency signal) with altitude above the earth’s surface, 
measured through the two glass filters and the two perforated metal screens. 
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Data taken from the complete graph, part of which is shown in figure 8. 


about 3200 A, outside the earth’s atmosphere. As shown in a previous 
paper [4], experimental data indicate that a calculation of the solar 
spectral-energy curve, using a black-body temperature of 6,000° K, 
is admissible. Our curve of the solar spectral-energy distribution 
outside the earth’s atmosphere [4] obtained with filters at sea level is 
i qualitative agreement with Pettit’s spectral-energy measurements 
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[24] obtained at an elevation of about 2,300 ft (760 m). We have 
therefore, used Pettit’s extra-terrestrial solar spectral-energy (j.' pe 
tribution in calculating the distribution of ozone in the stratospherp 
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In figures 9 and 10 the series of points represent the audio-frequency th 
ce 


signals (the ultraviolet intensities) observed during the flights of 
June 16 and 30, 1938, respectively. These points are the maxima of sit 
the graphic record of the audio frequencies emitted by the photo- 
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sectrically controlled radio transmitter, during ascent and descent, 

arts of which record are shown in figure 8. 

The designations LG and WG (figs. 9 and 10) represent the trade 
ames of the glass filters used. The vertical lines A, B, and C in 
gure 10 show the frequencies recorded in sequence of a single rota- 
‘ion of the disk. Some of the irregularities are caused by lack of 
yuiformity in sensitivity of different parts of the photoelectric cell, 
vhich becomes apparent as the apparatus vibrates as a pendulum 
and rotates around the suspending cord. Another irregularity, which 
is eliminated in the calculations, is caused by a temporary drop in the 
reference frequency as depicted in line C, of figure 10, showing the 
importance of having a record of this part of the radio broadcast as 
yell as the ultraviolet intensities through the filters and screens. 
For a further discussion of this question, reference is made to the 
preceding paper [6]. 

The data depicted in figures 9 and 10, and similar charts for the 
other flights were reduced by two methods: (a) By drawing a smooth 
curve through the observed points, and (b) by taking the arithmetical 
averages over intervals of 5 minutes (approximately 5,000-ft. changes 
in altitude). In spite of the apparently great irregularities in the 
observations, partly accounted for in the variation in the reference 
frequencies (see figs. 9 and 10) the calculated percentage transmissions 
of the glass filters (WG and LG) depicted in figure 11 do not depart 
from the smooth curves by a greater amount than is to be expected 
taking into consideration the various disturbing factors that enter 
into an ascent, and especially in the descent of the apparatus. In 
fact, the observations of flight 1, depicted in figure 11, compare favor- 
ably with measurements made in the laboratory, and demonstrate 
very clearly what may be expected when a better grade of photo- 
electric cell can be produced—the Cd-cell used in flight 1 was the best 
of the lot used in this year’s flights. 

In figure 11 the percentage transmission of the filter, WG (and LG) 
is the height of the ordinate of a point on the line A, in figure 10 above 
the reference frequency, divided by the height of the ordinate J, 
similarly deduced from the frequency scale for either screen 1 or 
screen 2. In figure 11 the transmission of each filter (WG@ and LG) at 
agiven elevation is the average of two calculations, using the readings 
of the two sereens, 1 and 2. 

Although all the steel plates had been assembled in two piles and 
each hole drilled through all, the transmissions of the finished screens 
differed from the average by about 1 percent, which was about 27 and 
48 percent for screen 2 and screen 1, respectively. In the calculations 
for each flight, the actual transmission values of the screens (e. g., 
in flight 6; tr=26.4 and 48.4, respectively) were used in deducing the 
transmissions. 

Since the photoelectric cell is selective in response, in the evalua- 
tion of ultraviolet data it is necessary to incorporate two important 
factors, designated P and G [6]. 

The factor P depends upon the kind (the spectral response) of 
photoelectric cell and the constants of the relaxation oscillator. In 
practice it is equivalent to a standardization of the scale reading of 
the frequency meter in terms of radiation in microwatts per square 
centimeter, by exposure of each stratosphere ultraviolet solar-inten- 
sity meter to a standard of ultraviolet radiation [22]. 
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The factor G is used in evaluating the ultraviolet in solar radiatio, 
of wavelengths shorter than 3132 A, relative to the total range of 
wavelengths intercepted by the photoelectric cell, and, hence, mus; 
be determined for each cell [21]. 

The observations must be corrected for solar height (angle of jp. 
cidence on the photoelectric cell). The data in solar ultraviolet in. 
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Figure 11.—Percentage transmission of the glass filters used in the various 
stratosphere flights. 





The data were calculated by two methods as described in the text, based upon direct measurements, somé 
of which are depicted in figures 9 and 10. 


tensities are therefore reduced to an air mass, m= 1.04. This correc- 
tion is small, because only at the beginning of the flights was the 
solar height ‘lower than the equivalent of m=1.06. For a more 
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complete discussion of the various operations in reducing the data, 
the reader is referr ed to the preceding paper [6]. 


(2) VARIATION IN INTENSITY OF ULTRAVIOLET SOLAR RADIATION WITH 
ALTITUDE ABOVE THE EARTH’S SURFACE 


Owing to clouds and possible disturbances from air currents in the 
lower atmosphere no attempt is made to accurately coordinate the 

data for elevations below about 9 km. 

By means of the measurements obtained with screens 1 and 2, as 
depicted in figure 10, corrected for transmission, total ultraviolet 
a intensities are obtained. To these values must be applied a 
factor @ to obtain the proportional part of wave lengths shorter aie 
3132 A. The factor @ was determined for every 5,000-ft. (1.5 km) 

evation; requ iring a spectral-energy curve representing the filter 
net smissions at that particular altitude [21]. 

In figure 12 is given the intensity of ultrav iolet solar radiation of 
wave lengths shorter than 3132 A, at various elevations above sea 
level, observed on the four flights that attained high elevations. 
Each point is the average of 5 readings for each screen, or a total of 
10 readings. 

It is to be noted that beginning at an elevation of about 15 km 
there is a change in the trend of the ultraviolet intensities, indicating 
the region (tropopause) where the apparatus is entering into the 
region of rapidly increasing concentration of ozone. Above this 
point there is a marked change in trend to higher intensities as the 
apparatus penetrates, more ‘and more, through the ozone layer. 
The high values in the region of 3 to 9 km are ps irtly owing to scattered 
ultraviolet radiation from the sky and clouds, which, as already 
noted on a precc ding page, amounts to some 25 percent ‘of the total, 
in the clearest sky, at an elevation of 2.2 km (Flagstaff, Ariz.). T he 
low values at 3 to 6 km for flight 2 are owing to clouds, as described 
on a preceding page. 

In figures 11 and 12, the arrows above the symbols associated with 
the flights on different days indicate the direction of movement 
ascent or descent) of the apparatus. 

At the highest altitudes attained, 27 km, the intensity of ultra- 
violet solar radiation of wave lengths shorter than 3132 A is about 900 
uwfem’. But even at this elevation, as will be shown presently, 
some 35 percent of the ozone remained above the apparatus. Extra- 
— to a point outside the ozone layer this would indicate an 

intensity of about 1,500 pw/em?, or more than 2% times the value 
previously deduced [21] by extrapolation of measurements made at the 
earth’s surface. One reason for this discrepancy is the fact that in 
the earlier Co (as in the present one) the calculations do 
not take account of (do not include) wave lengths shorter than 2900 A 
which are observed at high altitudes, but do not occur in the measure- 
ments at low elevations, which form the basis for the extrapolation. 


(b) CALCULATION OF THE AMOUNT OF OZONE TRAVERSED 


In order to obtain an estimate of the amount of ozone traversed at 
agiven height above the earth’s surface it is necessary to correct the 
observed filter transmissions (fig. 11) for molecular (Rayleigh) 
scattering [6]. Then by means of the spectral-absorption coeffi- 
cients of ozone [23] the effect uf change in ozone thickness upon the 
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filter transmission is calculated in the manner outlined on p. 210-9; 
of the previous paper [6]; the only difference being in the use of «, 
ultraviolet solar spectral-energy curve for each height, instead of the 
average spectral-energy curve given in column 2 of table 2 of ¢}, 
previous paper [6]. Based upon the above outlined method , 
calculating the amount of ozone traversed, with elevation of the 
radiometric apparatus, the curves depicted in figure 13 are obtaino; 
It is to be noted that each point is the average calculated fron, 4, 
transmission measurements of two filters, instead of one filter used } 
calculating the observations of 1937. . 

An inspection of the curves in figure 13 shows that at a heicht of 
18 km (60,000 ft) the amount of ozone traversed ranged from 0,0) 





T T T T T T t T T 


FLIGHT JUNE 16 
“ 18 

oe 25 

30 


Ww 
°o 
° 


LY 
°o 
°o 


- 
© 
> 
= 
2 
Zz 
° 
§- 
< 
fa} 
< 
c 
a 
< 
J 
° 
” 
> 
| 





° 
° 








re) 1 1 t 1 4 1 4 
1?) 9 12 15 18 2] 24 27 KM 


ALTITUDE 


FicgureE 12.—Integrated ultraviolet solar and sky. radiation intensities, of wave 
lengths shorter than 3132 A at various altitudes above the earth’s surface. 


to 0.035 cm, or an average of 0.03 cm for the four flights that attained 
that altitude. Roughly, this amounts to 15 percent of the superposed 
ozone. 

In the two flights of 1937, the amounts of ozone penetrated at 18 km 
were 0.04 and 0.08 cm, respectively, as deduced by one method of cal- 
culation and 0.025 and 0.05 cm by another method of calculation. 
Considering the crudeness of the instruments and methods employed 
in 1937, as compared with the much higher precision attained in the 
flights of 1938, the data are in good agreement in showing that below 
the 18-km level there is a substantial amount of ozone relative to the 
total in the stratosphere. 

In figure 13 the heavy black curve shows the average of all ihe flights 
of 1938. Flight 4 attained a height of only 15 km (50,000 ft), and in 
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‘his range the amount of ozone traversed happens to coincide with the 

average of all the flights. 

“It is to be noted in figure 13 that the total amount of atmospheric 
ozone above the instrument, at sea level, on different dates ranges 
irom about 0.19 to 0.25 em (flights 6 and 1) with an average of 0.22 
om. ‘This is in good agreement with the average seasonal value for this 
jatitude [12]. Such variations from day to day are to be expected, 
but in this series of measurements the precision attained is not suffi- 
cient to show a definite correlation of the amount of ozone with sur- 
face air pressure, Such as 
described in section IT of 

E this paper. Calculations 

F (and fig. 13) show that at 
an elevation of 27 km 
40,000 ft) the radio- JUNE 1938 
metric apparatus had 
traversed about 65 per- 
cent of the ozone layer. 

In figure 13 the dotted 

Fcurve NGS shows the 
part of the ozone layer 
traversed by the manned 

Fballoon (Kxplorer IZ) in 
November 1935 [2] also 
Regener’s [25] curve of 
the flight with unmanned 
balloons in July 1934. FLIGHT 1 — 
In both cases, the data — 
‘were obtained  photo- 4—1 
‘graphically with a quartz 5— 
spectograph. Regener’s o~—« 

wyloti Q 3 1 i 1 1 Lu 1 .., 
calculations are based aS Me oa a a 


upon a hypothetical solar OZONE ABOVE INSTRUMENT 
spectral-energy curve at 





IN KM. 


ALTITUDE 


























a black-bodv tempera- FIGURE 13.—Graphs showing the amount of 
ture of 6.000° K and an ozone above the ultraviolet-intensity meter, at 
tur j various heights above the earth’s surface, ob- 
assumed ozone content of served in the flights of 1938. 


0.28. cm (ntp), which is the Dotted curves show Regener’s observations in 1934, and the 
ay erage value for thatsea- National Geographic Society (NGS) measurements of 
son in the latitude where a 

the ascents were made. 

In Regener’s flights of June 26, July 7, and 31, 1934, respectively, 
heights of 20, 30, and 31 km were attained. At a height of 30 km, 
exposures of 10 minutes registered wave lengths slightly longer than 
’863 A, and 70 percent of the ozone layer was below the apparatus. 
[his is in substantial agreement with our measurements, taking into 
consideration the total amount of ozone present on a particular date 
and assuming no turbulence of the type recorded in section II of this 
paper, 

In concluding this part of the presentation of data on the calculation 
of the amount of ozone in the stratosphere, it is relevant to compare the 
method of attack by different observers, particularly in the use of the 
solar spectral-energy curve, of short wave lengths, outside the earth’s 
atmosphere, 
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As noted elsewhere [4], for wave lengths shorter than about 3299 \ 
calculations using a black-body temperature of 6,000° K are entirely 
in disagreement with the experimentally determined spectral-enercy 
curve [29]. However, in the spectral region of 3200 to 3500 A tho 
observed solar spectral-energy distribution [24] has approximately the 
same slope as that of a black body at 6,000° K. Since the ultrayiolot 
intensities in this part of the spectrum greatly exceed those in the 
region of 2900 to 3200 A, rough calculations indicate that tho yo 
of a black-body — energy 
curve at 6,000° K would 
have no marked effect upon 
the curves depicted in figure 
13. 





(c) VERTICAL DISTRIBUTION of 
OZONE IN THE ATMOSPHERE 


Differentiation of tho 
curve (fig. 13) of average 
NG.S/ values of ozone at different 
NOV. 1935 heights above the altra- 
N.B.S, violet meter gives the 
JUNE 1938 amount of ozone per kilo- 
meter (O;/km) at different 
elevations above the earth's 
surface. This is shown in 
JULY 1934 the heavy curve, NBS June 
OCT. 1937 1938, in figure 14. The 
upper, dotted part of this 
curve shows the distribu- 
tion required to account for 
the 35 percent of the ozone 
above the apoaratus, at an 
elevation of 27 km above 
: P sea level. 
005 010 015 020 CM Owing to clouds and pre- 
OZONE PER KM sumably other effects upon 


' : : ere » fi ‘ansmissions, at 
Figure 14.—Graphs showing the disiribution the filter transmissions, 


of ozone at various elevations above the low elevations, no accuracy 
earth’s surface. can be claimed for values 


below 6 km; but, as shown 
in figures 11 and 13, beginning at about 9 to i2 km (30,000 to 40,000 
ft) there is a definite change in the slope of the observed curves, indi- 
cating an appreciable penetration into the ozone layer. 

As shown in the heavy curve in figure 14, and as noted in the flights 
of 1937, at a height of 12 km the change in ozone concentration 1s 
rapidly increasing—about 0.002 cm/km. 

At an elevation of 15 km the concentration amounted to about 0.005 
em/km, and in the region of maximum concentration (at about 25 km) 
the amount of ozone was about 0.015 cm/km. 

The main portion of the ozone appears to be situated between 20 anc 
30 km, with a region of maximum concentration between 23 and 27 
km, as previously observed by Gétz at Arosa, Switzerland [18]. 
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The sharply defined maximum concentration of ozone observed by 

(Brien and his collaborators [2] (see fig. 14, curve NGS, November 
995) is entirely different from the results of other observers [18]. 
~The earlier observations of Regener [25] (July 1934, in fig. 14) are 
y substantial agreement with the present explorations indicating a 
maximum concentration at a height of about 25 km. His recent 
measurements [26] (October and December 1937, in fig. 14) are in 
‘eperal agreement with others between 5 and 10 km elevaticn. 
“In view of the effect of convection and turbulence during great 
changes in atmospheric pressure, as described in Section II of this 
paper, it 1s a question whether anything more than a general agree- 
yet In the form of the vertical distribution of ozone in the atmosphere 
sto be expected. 
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TORQUE BETWEEN CONCENTRIC SINGLE-LAYER COILS 
By Chester Snow 


ABSTRACT 


This paper is concerned with several types of small correction terms which 
must be taken into account when computing the torque or the mutual inductance 
between two concentric single-layer helices. These are to be added to the formula 
previously developed for two current sheets. The seven types of corrections are 
those Which may be foreseen: from experience with other absolute electrical 
measurements. Many others will arise which cannot be anticipated at this time. 
The corrections (a) to (g) are given in section I. 
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I. INTRODUCTION 


The mutual inductance, M, from which the torque is derived by 
differentiation with respect to the angle, 6, between their axis, consists 
principally of that between two equivalent current sheets. A formula 
for the latter is derived in Bureau Research Paper RP24, eq 32.! In 
applying it to the case of actual single-layer coils, formula 35, a factor 
c0s a7 Was written in front of the series, which should have been 1/cos 
a. With this correction, the formula may be put in the following 
form, where N, and N, are the total number of turns, /, and /, the 
lengths, a; and a, the radii, 7; and r, the semidiagonals, and yu; and 
u AF COS ay, COS a, Where a, and a, are the angles between the diag- 
onals of the coils and their respective axes and .=cos 0. 


Ni. 
Mne(d, a1; Lae; p) = 407" nasNo mr. 
l 


{u—(F=2VS(2Y Cau Crilus) Pars} 


‘Chester Snow, Mutual inductance and torque between two concentric solenoids, BS J. Research 1, 685 


(1928) RP24 
607 
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where 


Clu) = 525 = (1-1, n+3 ; 251-1!) 





_ cr ae eh 


aeNCES 
dP a(n) 
du 


5 51 
and 


P,,(u) is Legendre’s polynomial and P;(y) is The subscri: 


1 refers to the outer current sheet, s,, and subscript 2 to the inno 
sheet, S2. 
The small corrections to be found are: 
(a) That which replaces the current sheet by a system of paralle| 
equally spaced turns of wire (instead of the tape windings with ,) 


A’ 





/ 


B 


Ficure 1.—Section containing the intersecting axes of two circular filaments A,C! 
and A,C,B,. 





radial thickness or insulating space between them which constitute 4 
current sheet). 

(b) The effect of the nature of the current distribution over 
sections of the wire. ‘Two cases are considered: Uniform distributiin 
and the ‘natural’ one which is inversely proportional to the distance 
from the axis of the solenoid. 

(c) The effect of small variations, w¢,(z:) [and w,,(72)], in the rad 
of the turns, which are observed functions of the distance, 2, (and 
Zr), respec tively, of the turn from the origin at the center of the coils. 


the 
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(d) The effect of small variations in pitch, that is, of the small 
observed axial displacement, u,(z,), (and u,(z,)) of the turn from 
the —- corresponding to uniform spacing. 

) The effect of errors in centering the coils. 

@ That due to the fact that the coils are helical and not a system 

parallel turns of wire. This is the effect of the axial component 


. current. 
(g) The contribution of lead-in wires. 


I. MUTUAL INDUCTANCE BETWEEN TWO CIRCULAR 
FILAMENTS, f; AND f,, WHOSE AXES INTERSECT AT 
AN ANGLE, 0 


A section by a plane containing the intersecting axes is shown in 
fgure 1. The trace of f; is A;C,B, of f2 is A;C,B. Let 
OA‘=ri; OC; =2,=71 cos a1; C/A;=a,=r"i sin af 
OA;=17,; OC; =m=T, C08 a; C,A,=a=n7; SiN a, (2) 
u,=COS ay; W2=COS a, w=COS 0. 


If filament f; is any section of the larger current sheet, s,, and filament 
f, of the inner sheet, s:, which lies entirely within s, for any value of 
#, then r< cn. In this case the following series ? has been shown to 
converge and to represent the mutual inductance, M,,,,, of the two 


filaments when the angles a;, a, and @ each lie in the range from 
zero to m, inclusive. 


Mp 1)(X1y 1} 2, M2; w) 
att Se eo a—ary Ped LG) 
n=1 rl) 


It is readily found ihe a functions V= (1—n?)r-"P,(u) and V=7""? 
uw’) P.(u) are solutions of the er differential equation 


(D+ : D:)V=0 


(D:+ D2 ‘D. WV= 0. 
a 


Hence, M,,,, satisfies the equation 


(D341 | Te * Da) M 5, = 9 


in the variables z, and a;, and the similar equation 


(Di Di, 7 Das Manns= 0 (4b) 


in the variables 72 and @2, which are placed here for later reference. 


*Chester Snow, Mutual inductance of any two circles, BS J. Research 1, 531 (1928) RP18. (Seeeq 23, p. 539.) 





610 Journal of Research of the National Bureau of Standards, 


III. MUTUAL INDUCTANCE BETWEEN A SHEET Anp A 
FILAMENT 


The mutual inductance of the two current sheets, M,,,,, given jy 
Ni, Nz 
eq 1 was found by multiplying M,,,, by 5 y, a . ? dz, and inte; grating, 


from —1,/2 to l,/2 and zx, from —l,/2 to wil 


For the purpose of finding the corrections mentioned above, jt ; 
necessary to write down the results of each of these two integration; 
The integration with respect to x; gives the mutual inductance between 
sheet s, and filament Ja, which may be called M,,s,(l;, 413 22, d2; 4), where 


Ma rlhis Q; L2, M2; =e daMyg ty Qy; Y2, Az; 4), 
or since by eq 2 
da; 
Mag (1 (ui) "8 du; 
_4r Ni =, Pala) [ene ats) |. (™ 2) sy 
Man =F Zn tDL (=H)? Pai 
Now 


dzr,=—a 





n—! 


(1—p?) -4PA(u) =— — aia ahaa) P * Pas) | 


hence 
lie (—!) 7 TP’ (y)du= 0, if n is even 


=2u1, if e=-] 


_ —2(1— ni)" Pos (u1) 


26 2 if n=2s+1, 





where s is a positive integer. 
This gives 


N 
My (h; 1; %2, A2; pw) =40 7nd 
1 


[om 20—18) ) nn )ent3) Gn) | (54 





2n(2n+1)(2n+2) \p, 


The integration with respect to 2 gives the mutual inductance 
between filament f, and current sheet s, 


dx, =, dua 
(1—y;”)2 
N. 


13/2 
M,.,(21%1; 1,3; ht) =? . M,,;,(x1, Q,; X2M2; u) dz, 





af NaS Y Oni Pei) Pale ii 
7." ye or - ree (pty? Pale 
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Using the relation 
n+2 ; 


yn Spy. .. — 
(IH) * Paw@)=i9 qld —#) *Pan GI 


_n +2 
2 P’(u)du=0, if n is 


yA 


1 
sg (tai) *Posya(ue), if n=28-+1, 


D8. 


where 8 
This gives 

82?N.a2(1— u;?) 
Mie (t1y @13 boy Q23 w) =——7 Sr *-. 
L 


Ps 1 (1) Pin (ue )P on—1 (xu) ve) n—1 
> (2n—1)2n(2n+1) 7) (5b) 


IV. MUTUAL INDUCTANCE BETWEEN TWO TURNS OF 
WIRE 


Let My», denote the mutual inductance between the filament, /, 


and a wire, w,;, Whose secticn is sy mmetrics al with respect to its center 
gravity, bi a;), so tl iat, if dS;=dzidai the integrals over the sec- 
E tion of (y, . i -7,)°, (a,—d,), and (a,—@,)’ are zero, as would be the 


case for squares or circles. + denotes the radius of gyration of this 
for squares or cirel If & Z) 


1 » > ; on 1 » .. ; a Z 
: (7,—2)*dS - a,—a,)*dS 
=| | Py 1 1 = | (a, 1) 1 


n, in the ease of round wire, p; is just the radius of the wire. 
current density, 7;, with unit current in the turn, 1s such that 


S Sidrjde, S SidS,=1 


lye (21, Gy} Lolo} ps) =S SM 9 (a, Qy3 22; w)idr,da,;= f SM, pid; 
ratio of any linear dimension of the wire section, 5,, to the mean 
tulius, @,, of the turn is so small that terms of higher order than the 
tlird in this ratio are negligible compared to unity, then the “natural” 
Pustribution of current — 9 to 1/a;) may be written 


{1 O, att) 4s diay | 
i=Gy1— 7 He) aia) a = )p 


:=C,=Cy=1. For the uniform distribution we place C= 
0. ‘To the same precision, the expansion may be used 


section, so that 


a 2 3 
' ' r43) / - 
M,(21, @13 Xe, ecud erate Af, (x1, Q;; £2, dy; 4), 
"2 | a 6 “3 


Where ¢ is the operator (x’—2,) + (a— %)Pa,, 
139015--39-——-9 
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Multiplying this by i,dS, and integrating gives 

M = fy 461 Dp +03 "2p, Myla Gi} 2s Az; i) 
f,%, 8 * 1 a; ") | wa? we ’ 

or by eq 4a 


Mr = {142 "Lie 2C;)Da\Myn. 
J 


which may be written (since C,=0 for uniform current and C,=| {o, 


1 
the “natural” distribution) Mia=(1 £35 Ds, )Mr fy the upper sign 


being used when the current distribution is uniform, the lower when it 
is the ‘‘natural’’ one. Hence the mutual inductance, M. w, between 


two wires is 


My w,= M,,+ pi = Da, +8 ‘Ds, |: M y+ 4 
It is similarly found that the mutual inductance, M,., between 


—* = : l 
two tapes of radu a, and @,, one extending from x,—; V to 2,4 
lV} “ 


l, l, 
eee | 2 ae 
the other from r, aN, '° ae: is 


Mi ,=Miy+a4| (; at) D:+( N,) Pa} Mt 


so that eq 6a may be written 


: lf/pi n. , 2 xn. _1f 
Mey =Muy,4 9 5 Di,+2 Ds, May al i i Di, + xD! Ma 


If the wires are now given a small translation, u,(x), in the direction 
of their axis, and if their mean radius, @;, is given a small increase, 
U,(z,), then if u? and uz are negligible, eq 6c becomes 


Mv, v, (41) ay; 2, 2; u)=AM, (x1, a; I2, as; p)+ 
2 2 
+ {+5(2 Dz +2 D;,) + U2 (a1) Dz, + Ua(21) Dg, +r (22) Dz, +Ua(22) Di, 
1 . 2 
sal ne Dat ye Pe, Mayer Gay tay G5 


V. MUTUAL INDUCTANCE OF THE COILS 


y T 


This is obtained by multiplying eq. 7 by j day ds and inte- 
1 2 


, ee l, 2 — — 
grating x, from — > to = and x, from —; to 5: This integration, & 
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far as the principal term of eq. 7 is concerned, is exactly equivalent to a 

summation of all possible pairs of filaments, one of which is always in 
the first sheet, the other in the second. As to all other terms, it is per- 
missible to replace the double summation by integrations, because 


they ure small, the result holding in a macroscopic sense. It is thus 


found that 

\f 14 Pi D3 +e ‘ Ds,) M, (; a; l, do; iL) 

| 8 a, = i3y ’ ’ 7 ’ 

M1 | : [ur(1) Ds, + Ua(a1) D5.|-Mys, (210; Io, Q2; w) day 


t 


“TN, | [Dz Mo sde<tve2 


N, ie [ws(a2) Dz, +Ualr2)DaJ My. (h, @1; L2, I; w)dz, 


[D:z,Mas|n- 22 5) 


as l, 
12N, 

4 
Up to this point, terms of the order of magnitude of (2) have been 
eglected in comparison with unity. Thus if p,=0.05 em and 
(Ad,)? 


=3(10)~*, 


_)=5 em (2) =(10)-*. If we let Ag = 2 then 


vhie) is also negligible. Hence if the effective radii, ay and az, be 


lefined e 
a, = =ay[ 14 5 (28) | for i=l (9) 


Aa ; ee ; 
len, since f(a,) =f(d,) +f’ (d;)-Aa, +f” ( a)(% "i is evident that 


eq 8 may be written 


. N, 


Mi alhy a; l,, a2; w) + i, (u.(11)De, + Ua(t1)Da |My (1, uz &, 


amie 


: 62/2 : l 
— A; Xa, G2; ude TaN, 


ro. a [Dz Mrs Jz: (10) 


Where by eq 5b one finds 





l, : a 4rN, + | Rees —p2)lt 
ON, PsMeol, alo * rain | om 


*? 1 i 
>) Cus) On (ua) Pan—(u)n( n+5 )( 2 ye (10 
hal 2 ry 


n=} 
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and by eq 5a 


=u) 1a : 


] 2a3N2 


Y Y > 1 ” 
Yi Cal in (Ma) £ miatun(n+5)(2) -  (1Q" 


n=! 


(D.My,.]_ eer [ar 7 razN ou 


— iN, 


VI. TORQUE INCLUDING THE FIRST FOUR CORRECTIONs 


When the coils are at right angles to each other, p»=0 and the torque 


is 7=(D,M),-0, so that 
T= Tat Tan (wr(21)Dz,+a(ti)DalT 7s, (a1, a,)dr 


> (2 
; {- -[We(@2) Ds, t+ Ualt2)Da)To,n(tay W)de2, (1 


where, by eq 1 


P1837 -(4x7") 703Nopu,(1+S-+S8;) (1! y 


2n ’ 
Y 2 \n-+ 2 Y Y l / , 
S= a) ey (2) Cua) Crnued(n+5 dy (2) 
= 1 a, 
(nts ) 9s - (2n—1) 7 


~ VeEn+1 ....a 


where 


@ 


Y O— 1 £ 3 . oo Y | a 
S,= oN ie <5 a) Cr(us) Ca(ua)n( 1 9 ) An 
n=1 | 
ee 1\ 0; on 
oa (n to)N - 


Also, 7'y,s,(a%, @1:)=(D,M,,s.)u-0 1s the torque exerted by filament 
at x, (with unit current) upon the current sheet s, (also carrying 
unit current). 


N Ni_onr\ 201— my) QV, any" 
JF, Finley, a) = (4 j, TaN) ; = Si a ae 
1 


P: on—1 (tr) Pon (pe A, (13 W 
(2n—1)(2n+1) 


, _— . eS 
Or, since eA and r,;== + /zj+a; and 


(1—p*) P, 2n- (nu) le aed 
D4 20-1 (2n—1) |- 
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now 


ve find the following expressions by which D,T, », and DoT ns may 
he — for use in the graphic al or numerical vxslnetinn of t 
corals, in eq 11 when the variations u,, and wu, are known. 


oo 


MID, Tres —(4% 7 ratN, ay (- 
aiazie \ ! i ) 


1] 


eee 
Pon (41) an (2) ) ‘ 


Qn+1" (13°) 


nd since 


(1—p?) Pon(u) V1 —w?2nPoa(u) _ V1 — p? Pony (u) 
vf pan mg pen 


2n—-1 (On - 


[on 1) 2V1—n?\N — ny" 
(4x /, rarNy ; (—1) @ ‘ 
1 


Pra(ui) Peau) 5 
2n My) en \M2 9 


ind pA eige") 


which may also be written 


i F m N, _ y/ ‘a = we ny" ae 
? iy go (4 ¥ aN; )p Dz, vl—n, (3) (= 
1 


) 


, , ” Ax sia 
Pron—1(u1) Pan (u2) 5 rit (13°"’) 


The torque exerted upon filament f; at x; by current sheet s, is 7,, 
DuM,,,)u<0, $0 that 


’ igi 7 Aes 
me 4,(2, G2) = )= (407 ‘ ra2N, i+ > i) ) (—1)**(72) 
b 2 7 Ty 


Pata) Pina), 


2n( (2n +2) 


ane 2(1— yi) \ \ if (ra. peer — ins 2) Pong (uo) 
| (—1) (2n+2) 
1 


>’ ) 
Palu)Anl (14) 


2n a 


, Xs , _. 7 
ad and ri=yr2+a? 


Since 


2n+2 


2n+-2 
D{” (1 =n") Ponga() | _ (4 42) p24 P’,, (y), 
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it is found that 


N2 = 40M 2(1— Hi) m2)" 

i, DT, = 1 aN, = >(- —1) 
Pin(ut) Pin ui)o* 

Also since 

giets() — py’) Pons 


) 
Da 2n+2 





| V¥1—p?(2n+1)r**+?P2_(u) 
one finds 
N, (te t+ 4. 2(1=ni) « “(2 on 
aT. 1,= J. est AS ies n+lf _¢ J 
l; i ws la, = 1) ) 
on ( (111) Pon( (u2) 2nth as, 


When the outer coil is relatively long, the inner lies in a region where 
the axial field of the outer has the practically uniform value ar) 


The series S, eq 12’, is then very small and y; is nearly 1 and the term 
S:, eq 12’’, still smaller. This will be the case if 1;=100 em and 
a,;=15 cm, so that »,=0.9578 and 1—y»?=0.0826 and 7,;=52.44 em 
If the inner coil has the radius a,=5 cm and length /,=10 em, then 


1 a : — 
=—~ and 1— ywz=-, while r,=7.07 cm. 


a 2 
. re\? a a 
Since r;2a, so that (7) <(2) a it is seen that the series 13 
1 1 


will differ from the sum of the first two terms by less than 4 percent. 
The first two terms of eq 14 give a still better approximation. 
To this approximation eq 13 and 14 become 


N, a |, 3-849) - ° 
NN — 11+ 

_  ee + Tea? 1 (142 

\ a 
No, ag im (423 —a3)ai} 
sly fg 1 raz ‘NN; +! RBs Fb ") 
l; ih x “l. (j+-4a3)? 
Since the small observed displacements, uz, uv, cannot be measured 
with a precision of more than 3 or 4 percent it is evident that the 
terms within the braces of eq 15 and 16 may be placed equal to unity 
so that a good approximation for eq 11 is 


T= 4a 5a2 mill +S+S, ge { Uu a(a2)dty+ 
2 


l; 
a file (11) Dz a — Ue (11) D eta | (17) 
7 al ‘Gita mee ai ais J) 


él 
If wo,(x,) =da,—constant, u,(z,;)=6a,=constant and Us(t)=7 ty the 
1 
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evaluation of these integrals gives 
N. ~ - él, — 1 Ba 25a2| 


mn J 4V¥1 2. ae ae ‘ sigjeeeg sce ea P 


él, g , 
The displacement Us(n)=7 x, corresponds to an increase in the 
1 


length, l,, without changing the total number, N,, of turns, which 


ii 


mounts to increasing the pitch of the windings a constant amount. 
anf : i Ss : 
Asimilar displacement, u,(22) = 7, %2 in the second coil would by eq 17 
2 


have contributed nothing to the second member of eq i8. The latter 
may be written 
or dh _ at bay, dha, 4 ba, 


T €+401, P+4@ av? aa 


These variations would give by eq 12 


ae ee 
wy Le 4ay 1480, Jl Li+4a?” 14+80da,] a, 
ly as bl, 2 as 
+ipSa, i+[2+it'sda, te ia 


. | 6am - 
A comparison of eq 18’ and 19 shows (since —*” is practically the 
| ] rT... ) 
183 


éT — , , 
game as 7) that the first approximation eq 17, which was derived by 


neglect of all but the first term in the brackets of eq 15 and 16, is 
compatible with the statement that S is so small that its variations 
may be neglected in computing the variations of 57 caused by varying 
h, @;, d, and l. If the more precise variation formula eq 19 were 
desired it could be found by retaining all the terms in eq 15 and 16. 
The cylindrical shell upon which the outer solenoid is wound may be 
slightly compressed by the tension of the wires so that the effective 
radius, a,(z), of the current sheet may be represented by the para- 
bolic equation 


“) 2 
ay (x) — ay (0) +| af ra 2 )- a, (3) . (20) 


The effective mean radius, a,, of the equivalent sheet is then 
» 1, 1 


9 (hun 2 1 l 
a=; { a,(z,)dr,=54,(0) +50, +2) (21) 


wr-ne-n--[a(o)-0JE-C2Y] 


"1/2 
| Uq(z;)dr,=0. 
0 


80 that 
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Equation 17, then, gives the correction for this deformation jp the 
form 


log (“ tvitée 


2a, | 


} 


radius defined by eq 2 
coil at 2, diminished by the diameter 2p, of the wire. This was 
denoted previously (in section V) by a,, but there is no need to dis. 
tinguish between a, and a, in computing the small correction, eq 22 
However, this correction is applicable only provided that the ter 
wu, (1+) of eq 17 is computed using the “effective” or “electrical 


AL 


mean radius, d;, defined in eq 9 by a4;=a,( 1 + P\ \the upper sign being 
» “13 A 8a? t 5 


taken if we believe the current distribution is uniform over the section 
of the wires, the lower sign if it is the natural distribution. 

The corrections (a) and (6) mentioned in the section I are repre- 
sented by this choice of effective radii of the current sheets (eq 9 
The corrections (c) and (d) are made by the integrals in eq 17. 


VII. EFFECT OF ERRORS IN CENTERING THE COILS 


The effect upon the torque of an error in centering the outer coil 
may be found by giving it a constant displacement in the direction of 
its axis. But if wu, (r;)=constant the corresponding integral in eq 17 
vanishes. Similariy, there is a negligible effect in giving the inner 
coil a constant displacement in its axial direction. Both of these 
results are aspects of the fact that the inner coil lies in a region where 
the field of the outer is practically uniform, so that for the same 
reason it is evident that the only other independent displacement of 
the inner coil would also be negligible. This is a displacment per- 
pendicular to the plane of the two axes. 


VIII. EFFECT OF AXIAL COMPONENTS OF CURRENT 


Up to this point the current sheets have been assumed to have 
only the angular components of current whose surface density per 
unit length is N,/l;. Each coil is, however, a helix, so that there is an 
axial component of current whose surface density is +1/27a per unit 
length, the positive sign being taken when the axial current is in the 
direction of increasing z, (fig. 1). To see what modification this 
makes in the torque, we first see what modification must be made n 
the mutual inductance between the two sheets when their axes are 
inclined at an angie @=cos™ u. To do this we first modify the ex- 
pression for the mutual inductance between filament No. 2 whose 
trace is A}C;B; in figure 1 and filament No. 1 trace A,C,B,, remem- 
bering that these now have the additional axial components of current. 

Let A° (xyz) be the vector potential at any point (xyz) which is due 
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N, 
‘o the angular component of current i, ' dr, in No. 1 and let A (yz) 


dx, ° - 
» that due to the axial current +; 7 in No. 1. 


i Qa 1 
No 
om dx2, 1ts 


ngular component of current in filament No 


dxy 


xial component Is +5-~—- Hence the mutual electrokinetic energy 


veen these filaments is 


M. R= ( dean +A) + aL 19 + Ay Jy, 


where the line integrals are taken around circle No. 2 (right handedly), 
A, is the angential component of the veetor A and A,, its component 
normal to the plane of the cirele. Only the last three terms need be 
considered here, sinee the first, $~A° sy, leads to the mutual induct- 
ance, Af,,, already found. The second is a line integral of the 
tangential component of the vector A and by Stokes’ 


V.d2x, 


written = [ H,,dS2, the integral being taken over the area of the 


) 
< 


theorem may be 


circle No. 2, where H=curl A=magnetic vector due to the axial 
omponent of current in filament No. 1 

Since the vector A at any point is in the direction of the axis of 
circle No. 1 it is evident that A, =A, cos 0=yA,, so that the fourth 


; = 
integral is 4 uf A. ds). 


or 


Hence the vind energy is (omitting the first term) 


, WN, dx os E 
M. E.= ‘des { { H,, dS; +5 2 | Aods, +5 : A, ds, 23) 
l, ‘ mdz , . 

Now, if 2, r, @ are cylindrical ‘dialiian of any aa: the axis being 
that of the cirele 1, then A, is a function of x and r only, r being the 
distance of the point from the axis. Since 17=curl A, the cylindrical 
components of 7 are H,=H,=0, Hy=—D,A,,(z, r). 

Hence ff H,dS,—0, since the value of 7H, has equal and opposite 
values at the two points in the area S,, whose coordin: ites are z,r, ¢, and 
‘,r, —¢. Similarly, the second integral of equation 23 vanishes, 
since the only nonvanishing cylindrical component of A° is A%, 
which is a function of z and r only. At two elements of are of the 
circle No. 2, whose coordinates are x, r, ¢, and z, r, —¢, the values of 
A’, cance 1. 

The expression 23 for the mutual energy then reduces to that 
etween the two axial currents in the filament and may be written 
tm , Mdr, 

My dx dt2= - fA. ds, 


£5 
~ 


Since A, at any point xyz is given by 


dx, ds, 
A, = 7 


’ 
1 “2ra,J R 
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(Var g 
[Voi # oe 


where £# is the distance from zyz to the line element ds, of circle | it 
is evident that the mutual inductance of the two unit axial currents 


in the filaments is 
101 
B ds, * 
Regen 4. —— bdo, i - pee Ne 
ts srafaza,} its \<0 


where # is the distance from ds, to ds,, the + sign applying to thy 
case where the axial currents have the same sign, the — where thei; 
algebraic signs are different, positive axial current being in the dire. 
tion of increasing x, or 22, as shown in figure 1. 

The double line integral in equation 26 without the factor by 
represents the mutual electrostatic energy of the two circular {ilg. ! 
ments when they are regarded as unit line charges of electricity. Ry 

The contribution of the axial components in the current sheets to 


their mutual inductance is therefore No 
13/2 1/2 
mans) = { dz, dxymy », 
1/2 ~1,/2 
and the contribution to the torque is He 
i4= [D,m s,3,(H) } =() ‘ As, 
‘ 1 , 
To evaluate the integral _— | A,ds,, we note that A, is a solu- 
27, ieliee 4 
tion of Laplace’s equation, which, in rectangular coordinates, is 
(Di+ D,+ DD Az= 
Expand A,, by Taylor’s theorem in the symbolic form 
A, (2,Y,2) =Az (Xo t+2—2o, Yor Y— Yo: 2+ 2—%) 
‘ , / ’ 
= EF Dat V Dy t# PwA, (Xo; Yo; 20); 
where 2’ =x—2, y’=y—Yo and 2’ =z— 2%. 
It is then found by integration that, if Jo(z) is Bessel’s function 
l : ; 
Soa: A, (2,Y,2,)d82=JSo(a2Dn,) Az, (Xo, Yo, 20), Where 2o, Yo, 29 are rectangular 
coordinates of the center of the circle No. 2 and D,, represents the diree- 
tional derivative in the direction normal to the plane of the circle 
No. 2. Since we have used z, as the distance OC; in figure 1 (not 4 
rectangular coordinate) this becomes ” 
hal 
—! | A, dez=Jo(0sD,.) Ac (Xo Yo %) 
27d, z; O2-— 7o\%2 q, z, 0; Yo; 0/3 
which holds when A, is any harmonic scalar point function. 
Now Th 
dx, arg 


A; (x; Yo; a)=+ ona, R’ val 
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ybere R is the distance from xo, yo, Zo to the element ds, of the circular 
fare of No. 1,so that A, at any point is +dz, times the electrostatic 


potential at that point. ‘due to a unit circular line charge (the circle 
No.1). li may be putin the form 


\ ©  —si\ro—2;| 
A, (Xo, Yo: Zo) = dz fe Jo(a18)Jo(rs)ds, 
where r is the distance of 9, Yo, 29 from the axis of the circle No. 1 


This may also be written, symbolically, A, (Xo, Yo; 20) = +dziJo(a,D; ) 


~, where Ry is the distance between the centers of the two circles. 


Ry 
Vow 


] 1 x3 


. —— ae Ff ph) if zr Tz 
Rs vzi—2xm cos 0+x2 Lyritt NH A ated 


n=(0 


yy ogy D: >> 14 P,(y) 


seor(st+iIr(st+1) 


ay 


aay ry — -2 1) 
poe i ey 2G) a iT ’ Py (u) 
1) 4 


tea) 


de, YY ty Pala) -(g Ne (28-+n-+-1) 
7, (2) Pint) £ 27, r (s+- 1)T (s+ 1) 
n=(0 


oSeontasoendeed et) 


r(s+1)0(s+1) 


dr, Le < sh De ni a 
ti \ (2) PWM 5+ 5+5 1-2 ) 
0 


& that 


A, (Xo, Yos 20) = +day va te since 7, >|z2! (30) 
1 
0 


The derivation assumes 2 positive, but by repeating the above 
argument, when 2;<0 but |a,|>Jz2|, it is found that eq 30 remains 
valid for all real values of 2, and 2, for which ry >|zl 
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Now 


dy 
Jy(az Dp. yee is (ui) Paw) _ mG iy D? 72 its (u;) Pi, 
. “lies a (s Mi (s 1 1) (r,)"ti si 


s=0 


P 


a 4 (S) 
oe ) ai Ze ‘eo hy ‘(n+ 1) Pal ; ) 
i P(ist+1)r(s+1 2) n+1 > n+2 ee 
r(” 1 )n(@t as re 


= n=0 


~ 


ai Gy? PA wits ee (n+ Dy 1) (2) 
: I 


——— = ? 1 i / Zz 
r(s+1) ris+i)ry(* - —s)r(*E=. 7) 


2 


a> 


- ein? n (41) )P WF =) 57 5) 1; a 


=a = (1) Pe (us )Pr (u) 
n=0 


The mutual inductance of the two current filaments with unit ama! 
currents is therefore, by eq 26, 29, 30, and the preceding equation 


@o 


r" > t ae ae > — (5 /9 
Myf, fy = «) Gael n (Hi) Pa (ue) £ n(u) = 27a; ee [du [5 (31 


an=0 


which converges for r;<r;, which is always the case if f; is in sheet 
No. 1 and f2 in sheet No. 2 


Hence 
hy 
Pn(ui) diy. 


> 
Ms: fo -[ My, pda, = + yw » 74° P4(ms) Pa fe pi) atl 
1 


9 


a: P 
since Oe) 2 DE n. 1H) ; 
‘3 nr” 


=D, log (r+ y2? +a.) if n=9, 
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the integration gives 


wnat 2flg( SE VEEEAE rh Po 
i oe 2a, : fe I\T 


n=1 


| l —— 
oa 19 F ] oO wae Soc a ee 
— 7 oc( 2a, j 
PF Pes 1 (11) Pons 1 (ua) Fos (u) 
2n(2n-+1) F 
that the torque is 


| b+ 2 ast) 1X1 ‘ry \2n 
L9 o i es gt | i a ntlf 2 
4 tor oa. a ) (—1) (2) 


m=] 


Pon—1(u1) Ponti (ue). 4 (34 
2n(2n+1) sion: Mili 


‘ 


For the case here considered the series is negligible so that we may take 


+ V+ 4a} QA 
ts. s9> +21, log (2 vl; as) (34 ) 


2a, 
(+ if axial components of current 
have the same algebraic sign) 


which must be added to the expression 17 for the torque. For the 
case noted, ,=100 em, a,=15 cm, and 1,=2a,=10 cm, so that 


- Zl ee 

7 
slaaail esa 2AT7 = bd 
=r ra2N2, so that if 


V;=1,000 and N,=100, T,,,.=7°10°=10°, so that the correction t 
amounts to 27 parts in a million. 


The principal part of the torque is T7, 


#1392 


IX. EFFECT OF LEAD-IN WIRES 


Consider the inner coil with its axis vertical, the coil being balanced 
on a knife-edge which is perpendicular to the plane of figure 1. If 
the lead-in wires to the inner coil lie in the vertical plane containing 
the knife-edge, the electromagnetic forces upon them would contribute 
nothing to the torque about that knife-edge. The force on any 
element of these wires would lie in the vertical plane containing the 
knife-edge, since the magnetic field of the outer coil is practicaily 
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uniform. It remains to compute the effect of the return currep: ;, 
the lead wire of the outer coil. This will be done for the case whe, 
the return wire is just outside the solenoid and in the plane of the 
paper of figure 1, either above the solenoid or below it. The vail 
current in this wire will have an opposite algebraic sign to tha: ,: 
the axial unit current in coil No. 1. Its vector potential at any Doint 
will reduce to the single z,;-component. A, parallel to the axis of coil | 
Let mis, and Mis, denote the mutual inductance between this lead 
wire and filament No. 2, sheet No. 2, respectively. The muty) 
energy between filament No. 2 and this wire will be of the same fare 
as eq 23 without the term A®, and the surface integral of H/,. will x): 
vanish because the lead-in wire lies in the plane of the common nee 
of the coils, so that the mutual energy is . 


i = 
™m 1,7,da2= + pdr | A, ds,= + udrrIy(a2D,) Az (ro,Yo,2) 


2) 


where the choice of signs is the same as in eq 23, positive if the axial 
current in f; is upward. 
In this expression, A; (%,Yo,20) Instead of being given by eq 3) is 
now given by 
LI 
; 2 dr, 
A, (coors) = J WR? 


“a 


where RP is the distance froii 29,7/,29 to dr, and the upper sign is | 
when the axial current in sheet No. 1 is positive (to the right). 

If the lead wire is above the solenoid R?= (x,;—2))?+- (a, — yp)’, where 
Ip=2X, COS O and yo=2X sin 0. If the lead wire is below the solenoid 
R?= (4;—2)?+ (a1 +4)’. 

In the first case, it is found that 


Vri—2rzz cos (@—a) +23+71 COS a;—2X C03 8 
A, (20;Yo,20) = Flog“ Lo eee sr ———— age ig 
VTi +2riz cos (6+-a;)+7;—17; COS a—7, COS 9 


By changing the sign of a in this, it applies for the second case wher 


2 
‘ ‘: ; sa d: : - 
the lead wire is below the solenoid. Since (=) is negligible, this 
1, 


reduces to 


LP TEah . cate ees ol 
- ‘ 1 Vout 1 22 sin COS ay 
Az,(to;Yo)20) = F2 log ( so )+ cr” wpa 
1 


| <a 


If the wire is below the solenoid the last term has the negative sig 
However, this term disappears in the integration with respect to %, 


so that both positions of the lead-in wire have the same effect. 00 
substituting this value of A,(2),4/o,20) in eq 35, it must be remembered 
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Snow 


that the ambiguities in sign do not represent the same alternative. 
Hence 


1,4 Vl+4a?\  m sin9e¢ 

3 1 tT y 5 9 COS @ 

Mier = + 2a} log A No )+ = =} 
“ 2a, Ty 


2 
oo 
> 


. l 2? +-4a? 
Mis, us) =| m 1 ste = Zils. iO <a Lt, ) 
% 


: 2a, / 
2 


The contribution of thislead wire to the torque is ¢),,,= (Dum...) «0 OF 


tise +2), log & ae (40) 


2a; 


In this equation the upper sign applies when the axial currents on 
the solenoids are both positive or both negative (i. e., in the direction 
of increasing 2 or 22 of fig. 1). In this case the upper sign applies to 
ej 34’. A comparison of eq 40 and 34’ shows that the correction for 
axial components of current is compensated for by this arrangement 
of lead-in wires. 


X. SUMMARY 


The torque between concentric solenoids with axes at right angles 
is given by eq 17, in which the integrations enable one to correct for 
small observed variations in diameter and spacing of the turns of 
wire in the two coils. The remainder of eq 17 is the torque between 
two current sheets, the term S being computed by eq 12’. The fact 
that the coils consist of discrete turns of wire of radii p; and p. (and 
not of tape windings with no insulation space between them as in 
current sheets) is taken into account by using the “effective” or 
“electrical” radii a, and a2 of the coils in computing the torque between 
thesheets. The mean diameter, 2a;, of a coil is the over-all diameter 
diminished by the diameter 2p, of the wire, and its effective diameter 


2 
is 2a, where, by eq 9, a.=a; E +3(2) | the positive sign applying if 
t 


the current is uniformly distributed over the section of the wires; 
tle minus sign, if it is the natural distribution (inversely proportional 
to the distance from the axis). The same results hold if the section 
of the wire is not round but symmetrical with respect to its center of 
gravity (such as a square), provided that p,/2 then denotes the radius 
of gyration of the section. 

The correction terms are derived on the assumption that the outer 
coil is relatively long, and that its magnetic field is nearly uniform 
over the region occupied by the inner coil. Application is made to 
the case w here the coil is compressed more at its middle than at its 
ends because of the tension in the windings. This gives the correction 
term in eq 22. The effect of errors in centering the coils is shown to 
be generally negligible, although formula 17 enables one to compute 
these errors if necessary. 
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Since a single-lay er coil is necessarily helical, the axial compone;; 
of current in both coils contribute a small term to the torque wh, 
value is toon’ by eq 34’. It amounts to about 3 parts in one hund 
thousand. It is shown by eq 40 that this torque is practically ¢ 
pensated for, when the le ad-in wire of the outer coil is very near i 
it (either abov e or below) and lies in the plane containing the axes 
the coils. 

The derivation of these formulas was undertaken, having in ming 
their application to a proposed absolute measure ment of current : 
the Pellat type of current balance to be made at the National Buregy 
of Standards. 

The formulas have also (unexpectedly) been found useful by E. 4 
Johnson of the Department of Terrestial Magnetism, who devised 9 
method of absolute measurement of the earth’s magnetic field, } 
pee vse rotation of the secondary. Instead of measuring ae 
he observed the induced electromotive force, both of which however. 
require the differentiation of the mutual inductance with respect t 

the angle, @ 


WasHINGTON, January 31, 1939. 
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